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Nyquist plots at various moles of Li (Discharge) for i) C16-TiO2 
electrodes with and ii) without carbon. (a = OCV, b = 1.775V, c 
= 1.750V and d = 1.000V). 
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Figure 5.15 






PXRD patterns of MFOR [M = Zn3(HCOO)6·(FOR1), 
Co3(HCOO)6·(FOR3) and ZnCo3(HCOO)6·(FOR4)] with their 
simulated PXRD pattern. 
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Figure 6.2 TG and DTA of MFOR (a) M = Zn3(HCOO)6·(FOR1), (b) 
Co3(HCOO)6 (FOR3) and (c) ZnCo3(HCOO)6·(FOR4). 
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Figure 6.3 
Galvanostatic charge/discharge cycling curves for FOR1 (a) first 
cycle (b) selected cycles and (c) capacity vs. cycle number plot 
[Current density of 60 mA/g (0.11C) (1C refers to a capacity of 
520 mA/g in 1 h)] was used between the voltage window 0.005 – 
3 V at room temperature. 
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Figure 6.4 
(a) Rate capability (b) Charge–discharge voltage profiles at 




Ex-situ PXRD patterns of the electrodes of bare FOR1 and those 
(b) discharged to 0.005 V, (c) charged to 3.0 V and d) after 60 
cycles. Lines due to Cu-current collector are marked with *. 
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Figure 6.6 
FT-IR spectra of the FOR1 (a) bare electrode b) discharged at 
0.005 V (c) charged at 3 V (d) electrolyte [1M LiPF6 in ethylene 
carbonate (EC)–dimethyl carbonate (DMC)]. 
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Figure 6.7 
(a) TEM image (b) HRTEM image (lattice fringes of (100) plane 
is given in the inset) and (c) SAED pattern of diamondoid FOR1 
after 30 cycles at a rate of 60 mA/g over the potential window 
0.005 – 3 V. 
223 
Figure 6.8 
FESEM (a,b) and TEM (c,d) images of FOR1. 
224 
Figure 6.9 PXRD patterns of FOR2 and dehydrated FOR2 with the 
simulated PXRD patterns of FOR1 and FOR2. 
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Figure 6.10 
Galvanostatic charge/discharge cycling curves for FOR2 (a) 1
st
 
cycle and (b) selected cycles. (Current density of 60 mA/g (0.11 
C) Potential window 0.005 – 3 V, recorded at room temperature). 
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Figure 6.11 
(a) HRTEM image and (b) SAED pattern of FOR2 after 30 




Proposed product formation of FOR1 from FOR2 upon charging 
through conversion reaction. Color Scheme: C grey, O Red, Zn 
purple or blue. FOR1 – Zn atoms in the center (purple) and 
apices (blue) of the tetrahedron units of the diamondoid. FOR2 – 
Zn atoms with only formate coordination is in purple and the 
water and formate coordinated one is highlighted in blue color. 
228 
Figure 6.13 
(a) cyclic voltammograms (CVs) of FOR1 (1-10 cycles) (b) CVs 
of 61-70 cycles after subjecting the cells in to 60 galvanostatic 
cycles at 0.11 C-rate (in the potential window, 0.005 -3.0 V vs. 





Galvanostatic discharge/charge cycling curves for FOR3 
(Co3(HCOO)6) (a) 1
st
 cycle (b) selected cycles and (c) capacity 
vs. cycle number plot (current density of 60 mA/g, Potential 
window 0.005 – 3 V, recorded at room temperature). 
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Figure 6.15 
Galvanostatic discharge/charge cycling curves for FOR4 
(Zn1.5Co1.5(HCOO)6) (a) 1
st
 cycle (b) Selected cycles and (c) 
Capacity vs. cycle number plot. (Current density of 60 mA/g, 
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Among the current rechargeable battery technologies, lithium-ion battery (LIB) 
is the best candidate due to its high energy density (650Wh/l; 210Wh/kg), which surpass 
any other competing batteries by at least a factor of 2.5. Besides attractive energy density 
its maintenance free long cycle life and high rate capability has made LIB to confine the 
consumer electronic market and it also took over the high power tool applications from 
Ni–MH technology. Presently it stands in the peripheral of the EV market and stationary 
back-up power supplies. Penetration of LIB into these high energy fields depends on the 
developments in the cost, safety and long-term stability of LIB. Most of the above 
features extensively depend upon the extrinsic and intrinsic nature of the electrode 
materials. Therefore, it implies that finding an alternative for the expensive and toxic 
current generation electrode materials (LiCoO2 and speciality graphite) is a mandatory 
task to face the challenges that lie ahead and long lasting success of LIB. In this 
perception, this thesis investigates and discusses some novel electrode materials (both 
cathode and anode) for potential application in LIBs. 
Chapter 1 illustrates the importance of lithium ion batteries (LIBs) in the energy 
storage application and the principle of operation and further research and development 
of LIBs are extensively discussed. A brief literature survey on the three most important 
LIB components: cathodes, anodes, and electrolytes are also presented. Motivation and 
scope for the present study is also presented. Chapter 2 deals with the experimental 
techniques currently used in the synthesis, physical and electrochemical characterization 
of the various electrode materials. 
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Chapter 3 pertains to the studies on olivine based LiFePO4. A simple 
solvothermal method was used to synthesize carbon coated LFP (LFP/C) nanoplates with 
varying thickness from 20 to 500 nm by using different iron precursors. The influence of 
solvents on the morphology of the LFP in the solvothermal synthesis is also investigated. 
Uniform carbon coverage at the surfaces has been achieved by a selective chelating 
carbonising source, D-gluconic acid lactone. The smallest dimension of the nanoplates 
has been found to be the b-axis where the Li
+
 ion diffuses quickly. The overall capacity 
and rate performance have, in general, been found to increase with the decrease of 
thickness of the nanoplates. Hierarchical LFP/C with ~30 nm thickness shows the best 
electrochemical performance of 167 mAh/g, followed by spindle (< 20 nm thickness on 
the peripheral, but aggregated in the bulk, 121 mAh/g), plates (200–300 nm thickness, 
110 mAh/g) and diamond shaped LFP/C (300–500 nm thickness, 82 mAh/g) at a current 
rate of 17 mA/g (0.1C rate) respectively. The spindle shaped LFP/C shows unexpected 
electrochemical performance since the nanoplates are heavily agglomerated in the bulk 
which prevents the access for the liquid electrolyte, as well as additive Super P carbon, 
between neighbouring nanoplates during the fabrication of the composite electrodes. 
Hence, only the peripheral plates of the spindle are actively involved in the 
insertion/extraction of Li
+
, while the core of the spindle shaped LFP/C is almost inactive, 
resulting in moderate storage behaviour. 
Chapter 4 deals with the next member of the Olivine family namely lithium 
manganese phosphate. LiMnPO4 (LMP) is considered to be a potential cathode material 
for lithium ion batteries. However, its electrochemical performance is significantly poor 
due to strong polarons, sluggish electronic and ionic conductivity, the instability of 
charged phase (MnPO4) and the huge volumetric change between LiMnPO4 and MnPO4 
during charge/discharge (ca.12%). The same and simple solvothermal methodology has 
 xxv 
 
been used to synthesize the LMP nanoplates (plate thickness of ~60-80 nm). The 
obtained nanoplates were well characterized by PXRD, SEM, and HRTEM techniques. 
The reaction condition was found to be crucial on the obtained morphology of the LMP. 
To improve its intrinsic electronic conductivity, carbon, silver, gold and copper have 
been coated on these LMP nanoplates. However, the electrochemical activity of the 
metal coated LMP nanoplates did not significantly improve due to the lack of continuous 
conductive wiring. Therefore, these nanoplates were substituted with Fe
2+
 ion in the 
following composition [LiMnxFe1−xPO4 (x = 0.5 and 0.75)]. These solid solutions showed 
excellent storage performance with long term cyclability compared to the pure LMP.  
In chapter 5 results of investigations on the mesoporous anatase TiO2 were 
described. In recent years TiO2 has been considered to be the promising anode material 
in LIBs due to the fast and highly reversible uptake of Li (0.5 mole of Li per formula 
unit) during insertion/extraction, non toxic, cheap and flat low-voltage profile with Li. 
Here we report the optimized mesoporous anatase TiO2 nanostructure for high 
power/energy lithium batteries using soft template method. Various cationic surfactants 
were selected for this investigation to study their ability to assist the formation of the 
mesoporous-assembled structure among these, cetyl trimethylammoniumbromide 
templated C16-TiO2 has the highest surface area of 135 m
2
/g and reversible capacity of 
288, 220, 138, 134 and 107 mAh/g at 0.2, 1, 5, 10 and 30 C respectively. Best 
electrochemical performance, excellent cycling stability and remarkable rate capabilities 
were exhibited by the meso TiO2 when compared with commercial TiO2. Besides, tap 
density of meso-TiO2 is found to be 6.6 times higher than the commercial TiO2 
nanopowders. Increase in surface area of meso TiO2 electrodes has increased the weight 
ratio of the atoms exist near the surface layers and hence enhanced the surface Li storage 
behaviour; whereas reducing the particle size has decreased the diffusion length for Li 
 xxvi 
 
insertion/extraction in the bulk of anatase phase. Effects of surfactant chain length on the 
electrochemical performance of meso-TiO2 have also been addressed in this chapter. 
In chapter 6, a systematic study on the electrochemical performance of as-
synthesized metal organic framework (MOF) Zn3(HCOO)6 – FOR1 with diamondoid 
topology for the Li storage using conversion reaction at low potential is described. 
Nearly an invariable capacity of 560 mAh/g (9.6 moles of Li) was obtained up to 60 
cycles at 60 mA/g within the voltage range, 0.005-3.0 V. The regeneration of MOF 
during the cycling and the improved cyclability are evident from the electrochemical 
results along with ex-situ PXRD, FT-IR and TEM studies. The electrochemical cycling 
suggests that the metal formate frameworks react reversibly with Li through conversion 
reaction. The matrix involved during the cycling was lithium formate rather than the 
typical Li2O and this is well supported by the ex-situ FT-IR results. The thermodynamic 
feasibility to transform the lithium formate to transition metal formate is highly favored 
than from Li2O and this is further confirmed by reacting lithium formate with respective 
transition metal nitrates. The reversible formation or regeneration of FOR1 MOF plays a 
vital role in attaining the superior Li storage performance. Ultimately, the observation of 
improved storage performance and good cycling stability of other formates Co3(HCOO)6 
– FOR3, and Zn1.5Co1.5(HCOO)6 – FOR4 and the overall simple and eco-friendly 
synthesis method demonstrates that robust, thermally stable MOFs are one of the 
prospective class of electrode materials for LIBs. 
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Significant finding from the current studies 
1) For the first time we have given experimental evidence which complements 
the theoretical studies that altering the b-axis thickness will have a strong influence 
on the electro chemical behaviour of LiFePO4. 
2) In general nanoplates offers shorter transport length for the Li ions however, in 
the case of LMP it is not sufficient to achieve better electrochemical activity. 
Continuous conductive network is mandatory to realize reasonably good 
electrochemical performance. Besides, iron substitution significantly improves the 




 redox couple. 
3) High tap density mesoporous TiO2 prepared using soft template method 
exhibits excellent lithium storage (both volumetric/gravimetric storage capacity) at 
all the rates. Surfactant chain length has a strong influence on both surface area and 
the electrochemical performance. The synthetic methodology used in this study is 
very simple and yields high quality mesoporous anatase in bulk quantities compared 
to more complex synthetic procedures, a key requirement for industrial applications. 
4) For the first time, simple formate bridged MOFs have been proven to be a 
viable new class of anode materials for LIBs. The electrochemical performances 
suggest that metal formate frameworks react reversibly with Li through conversion 
reaction. The matrix involved during the cycling was found to be lithium formate 
rather than the typical Li2O.  
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1.1 Preface to Chapter 1 
A concise literature survey emphasizing the importance of lithium ion batteries 
(LIBs) pertaining to energy storage and their principles of operation have been dealt 
in this chapter in detail. This is followed by a brief literature survey on the different 
components of LIB namely cathode, anode and electrolyte. The aim and scope of the 


















Enormous augmentation in the demand for energy as a result of ever growing 
population and industrial expansion has led to the over-consumption of conventional 
sources of energy such as fossil fuels (coal, lignite, petroleum, propane and natural 
gas etc). Imminent depletion of conventional energy sources and global warming in 
conjunction with the global energy crisis have redirected the attention to produce 
clean, sustainable energy (wind, solar, hydrogen and geothermal) enormously in the 
past few decades.
[1]
 Each of these sustainable energy sources has their own 
advantages as well as disadvantages, including practical, economic and political 
issues. 
Most of the sustainable energy sources of electrical energy cannot operate 
continuously forever. Therefore, energy storage will be one of the greatest challenges 
which must be overcome in this century. In line with the energy needs of the modern 
world and rising environmental concerns, it is now indispensable that low-cost and 
environmentally benign energy conversion and superior energy storage systems are 
mandatory to ensure the permanence of energy supply and to achieve rapid 
developments in the energy related areas.
[2]
 Electrochemical energy storage systems 
consist of conventional and rechargeable batteries,
[3]
 capacitors, supercapacitors, etc. 
All these energy storage systems require further advancement to work more 
powerfully and also to accommodate more energy. 
Among various existing rechargeable energy storage systems, Li-ion batteries 
are found to be the promising to store energy owing to their compactness, design 
flexibility, lightweight, longer lifespan and high operating voltages (~ 4V) with high 
energy densities ranging between 150 Wh/kg - 250 Wh/kg.
[4]




have revolutionized the development of portable electronics (mobile phones, laptop 
computers, MP3 players etc.,) and have also resulted in the production of billions of 
lithium ion batteries per year.
[5]
 LIBs are also capable of economically storing and 
delivering the energy based on demands. In particularly, grid-connected renewable 
power plants (REPs)
[6]
 and sustainable transportation of low-emission cars such as 
Hybrid Electric Vehicles (HEVs) and Plug-in Hybrid Electric Vehicles (PHEVs) are 
some of the important future market areas for lithium ion batteries.
[5]
  
Despite the commercial accomplishment during the past two decades, LIBs are 
still the subject of intense research. Much research concentrates essentially on the 
characterisation of new and advanced electrode and electrolyte materials
[7]
 with 
superior energy and power density, very good safety using environmentally benign 
materials. In this perspective, this thesis aims to address some novel electrode 
materials for potential application in LIBs which offer great encouragement for 
improving this technology further to achieve maximum performance by optimizing 
the electrode material properties. 
1.2.1 Definition and classification of battery 
A battery is a transducer which converts the chemical energy of its active 
material into electrical energy via electrochemical reaction. An electrochemical cell 
(also referred „battery‟) is comprised of two electrodes [positive (cathode) and 
negative (anode)] connected by an electronically insulating and ionically conductive 
material - the electrolyte.
[3]
 When both the electrodes are coupled by means of an 
external device or load, electrons flow spontaneously from more negative electrode to 
positive electrode via external circuit and the ions drift through the electrolyte 




cells connected in parallel and/or in series to offer the required capacity and voltage, 
respectively. A battery‟s features depend upon the nature of the active material, 
operating temperature and the current drain.
[8]
 The output electrical energy of a 
battery expressed either per unit of volume (Wh/l) or per unit of weight (Wh/kg) that 
is deliverable of a battery depends considerably on the capacity (Ah/kg), and voltage 
(V) of the cell, which are dependent on the internal chemistry of the system.
[8-9]
 Based 
on the principle of operation and usage, batteries are classified mainly into two 
groups, namely non-rechargeable (primary) and rechargeable (secondary). 
1.2.2 Non-rechargeable batteries (Primary) 
The electrochemical reaction that occurs in the primary batteries is irreversible 
and they are manufactured to be used only once due to the active material (chemical) 
exhaustion in a single discharge. In general these batteries are easy to carry due to its 
light-weight, show reasonably high energy density at moderate or low discharge 
conditions, need minimum maintenance and therefore are easy to use. Disposal is also 
easy due to the insignificant amount of toxic materials present in most of the primary 
cells.
[8-9]
 Examples of commercially available primary cells are: Zn-MnO2 (1.5 V) and 
Li-MnO2 (3.0 V) and Li-SO2.
[8a, 10]
 The downbeat on the primary batteries is its high 
internal resistance, which prevents current flow at high rate and hinders its usage in 
power consumption devices such as digital cameras etc. 
1.2.3 Rechargeable batteries (Secondary) 
Unlike primary batteries, the chemical reaction that occurs in the secondary 
batteries is reversible. The application of electrical current reverses the chemical 




Table 1 Energy and cost comparison of different rechargeable cells with alkaline 
battery  
 
Secondary batteries are also recognized as storage batteries or accumulators.
[3, 8-9]
 
Table 1 summarises various kinds of secondary batteries and their features along with 
primary alkaline battery. For several years, the Ni-Cd batteries (Nickel Cadmium) 
were powering the portable applications such as mobile computing and wireless 
communications until the emergence of Ni-MH (Nickel Metal Hydride) and LIBs 
(Lithium-Ion Batteries). Though both these rechargeable batteries were evolved at the 
same time (1990) LIB outperformed Ni-MH as well as all the other existing 
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technologies (Fig. 1.1), because of its salient features such as (1) high energy density, 
lightweight and design flexibility (2) no memory effect (3) low maintenance 
 
Figure 1.1 Comparison of the various secondary battery technologies in terms of 




(4) prolong battery's life (5) less self-discharge (6) less toxic and (7) apt for current 
fuel gauge applications. It is worth mentioning that most other secondary batteries 
cannot claim the above listed benefits. Wide applicability of LIB surpasses the 
worldwide sales values of other systems which are nearly 63% of the portable 
batteries whereas Ni-Cd, and Ni-MH are only 23, 14 % respectively. This market 
value describes why LIBs receive more interest at both basic and practical levels. 
1.3 Applications of LIB: State of the art and future 
State-of-the-art, LIBs are being used to energize consumer electronics such as, 
mobile phones, lap top, camcorders, digital cameras, flash music players, portable 




phones, household devices, security lighting and electric-bikes etc. Depending upon 
the purpose, LIBs come in different shapes and sizes (Fig. 1.2). 
 
Figure 1.2 Schematic drawing of the various Li-ion battery configurations and its 




1.4 Principle of operation  
Rechargeable LIBs functions on the reversible intercalation/deintercalation of 
Li ions (guest species) into/from an electrode material (host) during discharge/charge 
via the ionically conductive electrolyte. Electrons flow through the external circuit 
(Fig. 1.3) accompanied by a redox (reduction/oxidation) reaction that occurs in the 
host matrix. Huge number of materials involving different chemistries were examined 





LIBs contains, Li-containing metal oxides (LiCoO2, LiMn2O4, LiNiO2 and LiFePO4) 
which are used as positive electrode (cathode) and graphitic carbons (mesocarbon 
microbeads MCMB)
[11]
 or amorphous Sn-Co-C composite
[12]




negative electrode (anode). Li
+
 ions are removed from the cathode and inserted into 
the anode during charging. This process is reversed during discharge as demonstrated 
in Fig. 1.3. The ionically conducting and electronically insulating electrolyte allows 
only the flow of Li
+ 
ions between the electrodes and prohibits the electron flow. 
 




The chemical reactions occurring at the electrodes during the charge and discharge are 
given in the following Eqns. 








= 0.6V) -----(1) 
Anode: C + xLi
+ 
+ xe
- ↔ LixC (E
° 
= -3.0V) -----(2) 




The open circuit voltage (Ecell) is a function of the lithium electrochemical potential 
difference between the cathode (µLi(C)) and anode (µLi(a)) as given
[3]
 by the following 
Eqn. 4. 
Ecell = -ΔG/nF = (µLi(C)- µLi(a))/nF-----(4) 
where, 
ΔG is the Gibbs free energy,  
F is Faraday‟s constant (96500 Coulombs per gm equivalent), 
n is the number of electrons. 
1.5 LIB technology: Challenges and need for the R&D 
 
Figure 1.4 Voltage versus capacity plots for various cathode and anode materials 





As described in the previous sections, LIB stands to be the undisputed winner 




portable electronics and also recently for vehicle application. However, there are a 
few shortcomings and limitations namely. (1) Li-metal plating occurs on the anode 
during the fast discharge. Hence, it is mandatory to have sophisticated electronic 
protection circuits which shall maintain current and voltage values within safe limits 
(2) subject to aging, even if not in use (3) expensive to manufacture owing to the 
material cost (4) technology is not fully mature (5) stable electrolytes with low 
decomposition potential is required to withstand high potential (5 V) (6) use of toxic 
and environmentally hazardous materials (Co and Ni). These aforementioned issues 
trigger serious R&D (Research and Development) works to surmount the limitation 
and progress the technology to next level. Considerable attempts have been carried 
out to find suitable alternate to swap the toxic LiCoO2 with cheap and 
environmentally benign substitutes. Fig. 1.4 shows the electrochemical potentials of 
various Li insertion compounds with respect to the Li metal as reference. 
1.6 Research trend on the cathode materials 
The following are desirable features to choose the cathode material:  
(1) The cathode should possess readily reducible/oxidizable metal ion in a 
high oxidation state which will maximise the cell voltage (2) Li extraction/insertion 
should be highly reversible and at the same time the host structure should not undergo 
any change (3) large quantity of Li per formula unit (4) high theoretical specific 
capacity (less equivalent weight) (5) stable in the operating voltage window and 
should not react with the electrolyte (6) mixed conductor (ionic/electronic) (7) low 






1.6.1 Intercalation hosts 
1.6.1.1 Layered di and tri chalcogenides (TiS2,VSe2 and TiS3, NbSe3) 
 
Figure 1.5 Layered structure of intercalation host. The Li ions (yellow) between the 
transition-metal oxide/sulfide sheets. The real stacking of the metal oxide/sulfide 





Before the successful commercialisation of the LIBs in the market, first 
intercalation concept (electrochemically active ions within an electrically conductive 
host) was introduced in the transition metal chalcogenide by Broadhead et al.
[14]
 at 
Bell Laboratories. Titanium disulfide (TiS2) is one of the successful layered 
dichalcogenides introduced for energy storage by Whittingham et al.
[15]
 It has an hcp 
(hexagonal close-packed) S anion with the Ti ions in octahedral holes between 
alternating sulfur sheets. It is the lightest semimetal which doesn‟t require any 
conductive additive to achieve the electrochemical behavior.
[16]
 It shows a single 




TiS2 to LiTiS2 
[15a]
 (Fig. 1.5). This prevents the additional energy required to nucleate 
a new phase. TiS2 exhibits 1000 cycles with minimal capacity fading, < 0.05% per 
cycle with LiAl anodes
[17]
 and this was later marketed by Exxon for small devices and 
watches in 1977-1979. Vanadium diselenide(VSe2)
[18]
 is another successful 
chalcogenide host which shows intercalation with lithium. In contrast to the TiS2 this 
houses two lithium ions per formula unit (Li2VSe2) by the two phase reaction
[18]
 (Fig. 
1.6 b).  
 
Figure 1.6 Discharge/charge curves of (a) Li/TiS2 at 10 mA/cm
2
 (b) Li/VSe2 at 2 
mA/cm
2
 showing intercalation of two lithium.
[18a, 19] 
 
Trichalcogenides were also found to be a good host for lithium ions. For example 
Trumbore et al.
[20]
 at Bell Labs exposed the reversible intercalation of three lithium 
ions with niobium triselenide (NbSe3). Similarly TiS3 (TiS(S-S))
[15a]
 also intercalates 
with three lithium ions however, only two Li ions are reversible and also the lithium 
used to break the S-S (poly sulphide) bond was found to be non reversible. Numerous 
chalcogenide-rich materials
[18b, 20a, 21]
 have been studied, even though they posses high 
capacity, their poor conductivity impeded the rate of reaction.
[13]
 In addition to this, 
the cost of the starting materials and processing costs hindered the growth of these 




1.6.1.2 Vanadium and Molybdenum Oxide 
The layered oxides with the identical structures as the dichalcogenides were 




 (V2O5 and 
MoO3) 
[15a, 22]
 were two of the initially studied oxides. Intercalation of lithium in the 
V2O5 is described in the following Eqn. (5).
[15a, 23]
 
xLi + V2O5 ↔ LixV2O5 (0 < x < 2) -----(5) 
V2O5 exhibits fairly complex structural changes upon lithium intercalation [α δ γ], 
beyond the one electron, permanent structural changes occurs with monotonous 
sloping plateau from 4 to 2 V which makes it unsuitable for practical purposes 
(acceptable change in voltage is 0.5 V).
[24]
 In addition to this, fast capacity fading on 
cycling was also observed.
[24]







 of V2O5 have shown attractive lithium storage, greater than 200 mAh/g 
in some cases.
[28]
 However, currently their rate capabilities are limited. MoO3 reacts 
readily with around 1.5 lithium per mole
[15a, 22]
 however, the poor rate of reaction 
prevents the development of these materials. 
1.6.1.3 Lithium Cobalt Oxide, LiCoO2  
Goodenough paved the way to first large scale commercialization of LIB for 
consumer electronics applications by introducing the layered LiCoO2 (LCO) as a 
viable cathode material. Li ions present in the octahedral sites of cubic close-packed 
oxygen lattice (similar to α-NaFeO2 structure (Fig. 1.5) is electrochemically 
accessible.
[29]
 Upon the complete extraction of Li ions it leads to CoO2 
(monoclinically distorted CdCl2 structure).
[30]
 Between these two different phases 
(LiCoO2 and CoO2) several structural modifications (distortion of ccp oxygen layers) 









First successful Li-ion cell was commercialised by SONY with the combination of 
LiCoO2 as cathode and carbon as anode.
[32]
 The specific theoretical capacity of LCO 
is 274 mAh/g, however, only 130 mAh/g (0.5 moles of Li per Co) can be achieved 
without causing capacity fade due to the structural changes in the LiCoO2. This 
deprived performance was attributed to the instability of the LCO at low lithium 
contents and the structural changes induce the poor reaction rate. Above 4.5 V level, 
significant movement of the ccp oxygen layers in moving from ABCA to ABA 
stacking sequence (three block ccp LixCoO2 converts to the one-block hcp structure of 
CoO2) will ultimately dislocate the structure. Therefore, one cannot anticipate 
capacities more than 180 mAh/g for LCO over hundreds of cycles. LCO shows 




/s and this high diffusivity values helps to 






 However, its electronic 
conductivity varies drastically with Li removal and it behaves like a semiconductor at 
x = 1.1 and like a metal at x = 0.6. The vacancies produced by the removal of Li ions 




is a mixed conductor. Pioneering works by Cho et al.
[34]
 showed that a considerable 
amount of increase in the capacity (to 170 mAh/g between 2.75 to 4.4 V) without 
capacity fade over several cycles (~70 cycles) by coating a metal phosphate or oxide 
on the surface of the LiCoO2 particles. Several other researchers rapidly investigated 
the constructive results of surface coatings. Significant amount of development in the 
commercial LiCoO2/graphite cells were made between 1991-1999 by several 
researchers on various aspects like its safety, cyclability, energy density (250 to 400 
Wh/l.)
[35]
 etc. (Fig. 1.7 shows the charge and discharge curves of LCO and graphite 
with respect to Li/Li
+
). Even though the LCO rules the rechargeable LIB market, 
limited availability of cobalt (10 million tons of Co deposits available in the earth 
crust which is 500 times smaller than Mn), causes an elevated price. This price 
confines its use to small cells, such as those used in portable electronics (laptops, 
mobile phones, cameras etc). An alternative and a more abundant and 
environmentally benign cathode material will be required for large-scale and EV 
applications. 
1.6.1.4 LiNiO2, Li(Ni1/3Mn1/3Co1/3)O2 and Li(Ni1/2Mn1/2)O2 
The structural feature of LiNiO2 (LNO)
[35d, 36]
 is quite similar to LCO, it has a 
theoretical capacity of ~274 mAh/g. In addition to this, nickel is more abundant than 
cobalt. However, it has not been used in the virgin state for LIB application due to 
several reasons. Firstly, existence of LNO in stoichiometric ratio is uncertain. Most 
reports suggest that the nickel over stoichiometry is common (Li1-yNi1+yO2), this 
excess Ni
2+
 ions present in the lithium layer, which clips the NiO2 layers together, 
leading to a hindrance for the lithium mobility (diffusion coefficient) and reduces the 






in the Li layer exhibits a strong repulsive force and prevents the reintercaltion of Li 




Figure 1.8 Charge and discharge curves of various cathode material (a) 
Li[Ni0.5Mn1.5]O4, (b) LiMn2O4-based material of lithium aluminium manganese oxide 




Therefore, the extra Ni
2+
 ion causes the strong structural disorder that affects the 
cycling behaviours of LNO. Secondly, the charged phase of the LNO is inherently 
unstable because of the high effective equilibrium oxygen partial pressure and 
therefore any contact of this phase with the organic solvents is expected to be 
dangerous.  
Even though LNO has high theoretical capacity, practically it can deliver only 
150-160 mAh/g between 2.5 - 4.1 V. This is attributed to the irreversible 
deintercalation of the Li ions in the first charge leading to the formation of Li0.85NiO2 
which further involves in the cycling. An appealing point to be noted is that the 




/sec) than the LCO designate and that the 




[x > 0.6]) undergoes an exothermic decomposition around 200 °C with the release of 
oxygen, thus a low onset Td (decomposition temperature) leading to a thermal 
instability. This limits the applicability of LNO as an attractive cathode material for 
the LIB. However, several elements such as Al, Ga, Ca, In, Mg, Ti, Mn, Fe, Nb and 
Co have been doped to surmount the LNO drawbacks. Among the various dopants Co 
and Al shows considerable improvements in the thermal properties of the charged 
LNO and stabilizing the structure (keeping the nickel in the nickel layer).
[13]
  
In the past decade, Li(Ni1/2Mn1/2)O2 
[13, 38]
 and Li(Ni1/3Mn1/3Co1/3)O2 
(LNMCO) 
[13, 38-39]
  have received significant attention. These mixed metal layered 
oxides are isostructural to LCO and were generally prepared by high temperature 
ceramic routes either from the mixed carbonates/hydroxides. These materials exhibit 
high capacity (~160 mAh/g) in the range of 2.0 - 4.6 V and the excellent rate 
capability of LNMCO justifies its feasibility as a potential candidate for the second 
generation cathode material for LIBs because it includes only minimal amount of 
cobalt and higher operating potential (Fig. 1.8 a, c). 
1.6.2 Spinel intercalation host  
1.6.2.1 Lithium manganese oxide (LiMn2O4) 
Contrasting to the 2D layered host (LCO and LNO), manganese does not form 
a stable layered LiMnO2 phase, which forms the stable spinel structure LiMn2O4 (3D 
host). LiMn2O4 is cheap and environmental friendly unlike the layered host.
[40]
 These 
features attracted the Mn spinel as a promising and most well studied cathode for the 
second-generation lithium batteries. Originally it was proposed by Thackeray et al.
[41]
 
and further urbanized by Bellcore labs,
[42]
 The electrochemical discharge occurs 




the 4 V region is a two step process which proceeds with the phase transformation at 
Li0.5Mn2O4 due to the ordering of the Li ions at the tetrahedral sites (Fig. 1.8 b). 
Whereas, at 3 V additional Li ions are inserted in the empty octahedral sites, however, 
these lithium ions do not participate in the reversible intercalation. An asymmetric 
lattice distortion (compressions/expansion) occurs during the cycling at 3 V. These 
distortions are mainly caused by the Jahn-Teller distortions (J-T effect) of Mn
3+
 ions 
leading to the phase transformation from cubic to tetragonal. LiMn2O4 has a 
theoretical capacity of 148 mAh/g however, it delivers only a capacity of around 105-
120 mAh/g. In addition to this, it also exhibits severe capacity degradation at >50 °C. 
This is attributed to the following reasons. 
1) Slow dissolution of the electrode surface (solid LixMn2O4) in the electrolyte 
solution because of the disproportionation of Mn
3+
 ions. These Mn
2+
 ions can diffuse 
to the anode and get reduced to manganese metal on the surface of the anode. 
2) The occurrence of tetragonal distortions (J-T distortions) at deeply discharged 
state LixMn2O4 (x > 1.5-2) state in the near surface regions. 
3) The instability of the fully charged cubic LixMn2O4 (x < 0.1) transforming to 
the λ-MnO2. Considerable attention has been paid to improve the cyclability of 







Changing from the fluoride containing LiPF6 electrolytes to LiBOB (lithium 
bis(oxalato)borate) were also tried. Alternatively the spinel surface with zirconium 
dioxide or AlPO4, are believed to act as getters for any HF produced by the trace 
moisture. Doping with additional oxygen was also carried out to boost the average 
manganese oxidation state thus, reducing the J-T effect. Substituting the J-T Mn
3+
 




Fe Co, Ni and Al y ≤ 1).[43] Even though, the specific capacity of the substituted 
spinels is lesser than the virgin LiMn2O4, cyclability was found to be greatly enhanced 
by doping.  
1.6.3 Olivines phosphates 





 redox couples associated safety problems. To surmount 
this drawback in the oxides, Manthiram and Goodenough et al.
[44]
 initiated the 
polyanion host concept for the lithium intercalation [Fe2(XO4)3 (X = S, Mo and W)]. 
Compared with the simple oxide layers, covalently bonded polyanion hosts lower the 
redox energies of the redox couples through the inductive effect and increase the cell 
voltage. Subsequently Padhi et al.
[45]
 showed olivine structured lithium metal 
phosphates LiMPO4 (M = Mn, Fe, Co and Ni) for the successful lithium intercalation. 
Phosphate (PO4)
3−
 polyanion frame work offers highly stable 3D network due to 
strong P-O covalent bonds, which restricts the liberation of oxygen. These 
characteristic features provide an outstanding safety under abuse situation of the 
batteries. 
1.6.3.1 Lithium iron phosphate LiFePO4  
Among the olivine phosphates, LiFePO4 (LFP) has become an attractive 
cathode material in the recent years to replace the toxic and expensive LCO. LFP is 
environmental friendly, economical, reduced reactivity with electrolytes resulting in 
very flat potentials during charge/discharge processes and has high theoretical 
capacities of around 170 mAh/g.
[45-46]
 Despite the above mentioned advantages, the 
major limitation with LFP is the less impressive electrochemical performances at high 
rates (i.e. storage capacity drops significantly at high current density)
[46c, 47]








 (1D diffusion of Li
+
 ions down the chains (b-
axis) created by edge shared LiO6 octahedra) and electrons
[47a]
 (lack of mixed valency 
or little solubility between LiFePO4 and FePO4). Besides addressing fundamental 
aspects to overcome these problems, various approaches have been developed to 
improve the electrochemical performance by downsizing 
[49]
 (nano-structuring), 
enhancing the electron transport in the bulk (by aliovalent substitutions)
[46f, 50]
 and the 
surface conductivity (by conductive carbon or metal).
[46h, 51] 
 
Figure 1.9 Towards energy and materials economy for LiFePO4 preparation from 
numerous methods. (Ionothermal route is brand new and biomineralization 




Enormous amount of work is currently aimed at developing new low-cost process to 
produce highly electrochemically active LiFePO4 powders
 

















 The above methods have been pursued over the 
years to synthesize nanostructured LFP. Synthetic strategy has a strong influence on 




electrochemical behaviour of the LFP. Therefore, a brief review of few important 
synthetic protocols is presented below.  
Solid-state reactions  
Solid-state approach is a well known method for synthesising olivine 
phosphates which relies on the consecutive steps of annealing and regrinding of the 
stoichiometric mixture of starting precursors.
[61]
 In general, the following precursors 
are employed to prepare the LFP, such as iron salt (Fe(OAc)2 or Fe(C2O4), a lithium 
compound (Li2CO3 or LiOH), and ammonium phosphate as a phosphorous source
[45, 
46b, 62]
 in a stoichiometric amount. Precursors were ground finely either manually or 
milling techniques followed by the preliminary firing at 300-400 °C which 
decomposes the organic parts and expels the gases. At this stage, powders were 
reground with or without a carbonizing source before the final heat treatment at 400 to 
800 °C for 10–24 h in a reducing atmosphere to prevent the oxidation of Fe2+. Albeit 
the employment of reducing atmosphere when the sample is calcined above 800 °C 
trivalent phases were observed (Fe2O3 or Li3Fe2O3) due to the trace amount of oxygen 
in the inert gas or the gas trapped between the particles.
[46b]
 Even though the solid-
state reactions are universally recognised as a useful methodology to prepare LFP, the 
drawback associated with this method is that this approach suffers from unavoidable 
high-energy utilization and polydispersed growth of the grains due to the high 
processing temperatures (generally at 600–900 °C). Mechanochemical activation [62a, 
63]
 is one of the methods used to partly overcome the difficulties associated with solid 
state reaction (SSR) which involves repeated welding, fracturing of the precursors 
using dry/wet high-energy milling. This leads to the pulverization, intimate mixing of 




reports on LFP suggest strongly the considerable improvement in the specific surface 
area due to very small size, effective homogeneity in the particle size and reduction of 
the annealing temperature.
[62a, 64]
 This method is also appropriate for making the 




 as well as for 
achieving the supervalent ion doped LFP samples.
[67]
 Carbothermal reduction 
[55, 61a, 
68]
 is a class of SSR which uses carbon as a reducing agent and this allows the use of 
inexpensive iron source such as Fe2O3 or FePO4 for the LFP synthesis. Stoichiometric 
amount of carbon must be used to synthesise the single-phase LFP/C. Excessive 
carbon proportion may lead to the second phases like Fe2P etc. 
[66, 69]
 Although many 
companies like A123 Systems Inc,
[70]
 Valence Technology Inc and Sony adapted SSR 
for the synthesis of LFP, time and energy consumption of SSRs hindered the 
commercial sustainability. This paved the way to develop new synthetic strategies 
with less energy consumption, processing time and cost.  
Microwave technology  
Rapid and uniform heating is the characteristic features of the microwave 
sintering which allows synthesizing LFP at lower temperature with shorter duration 
when compared to the furnace heating.
[71]
 This self-heating process occurs only if the 
starting precursors are capable of absorbing microwave energy (microwave 
susceptors). Higuchi et al.
[71]
 showed the first successful synthesis of LFP through 
microwave heating using a domestic microwave oven under inert atmosphere. 
Choosing the correct microwave susceptors as a starting material is crucial in making 
LFP which decides the irradiating time. For example, iron acetate requires a short 
irradiating time when compared with the iron lactate later which was found to be a 






 can greatly enhance the microwave absorption. Subsequent reports on the 
microwave-assisted synthesis proved it to be a promising method for the mass 
production of LFP with less energy consumption.
[73]
 Recently, Manthiram et al.
[60a, 74]
 
showed novel microwave-hydrothermal approach to prepare the olivine phosphate 
nanoparticles with well-defined shape, size, high crystallinity at short irradiation time 
(∼5 min) at 300 °C. These nanoparticles showed excellent cyclability and rate 
capability after short annealing at 700 °C for 1 h under inert atmosphere.
[74b]
  
Wet chemical preparation routes  
Solution preparation routes, such as sol–gel,[75] hydrothermal/solvothermal, 
co-precipitation etc, certainly has an advantage over SSRs in attaining superior 





 is a well known method to make highly pure and 
homogeneous olivine phosphates. Considerable amount of development has been 
made by Jamnik et al.
[53, 76c]
 on this strategy. In comparison with the conventional 
ceramic route, this method produces LFP at lower temperatures. Different chelating 
agents with solvents like water or ethanol were used to make sols with the starting 
precursors mixed in the molecular level. These sols were dried until the solvent is 
completely evaporated to form the gel where in the starting precursors trapped 
intimately which was annealed at temperatures ranging from 500 to 700 °C in inert 
[51b, 77]
 or reductive atmosphere 
[78]
 to synthesise LFP. In addition to the homogeneous 
mixing of precursors, decomposition of the chelating agent leads to the hierarchically 






 In this approach intertwined 3D networks of electronic 
and ionically conductive LFP was formed. However, these coating is not continuous, 





Figure 1.10 Typical SEM, HRTEM images of LiFePO4/C (a, b) after RuO2 coating 
(c) schematic diagram of repairing the conductive network (d) charge/discharge 
profiles of C/LiFePO4 before and after RuO2 (rate of C/10) (e) comparison of the rate 




Hydrothermal is a versatile approach to synthesize olivine phosphate at low-
cost/energy with minimal preparation time.
[49d, 54b, 54d, 80]
 Yang et al. 
[80f, 81]
 pioneered 
this method to prepare fine particles of LFP using FeSO4, H3PO4 and LiOH as the 
starting precursors in the following molar ratio of 1:1:3 at 120 °C. As mentioned 
earlier, olivine structure has 1D tunnel for the Li ion migration, Fe
2+
 in these tunnels 




synthesis by Yang et al.
[80f, 82]
 resulted in the 7% tunnel blockage (iron on the lithium 
sites) with the poor cycling performance. In addition, it posses the risk of forming 
Fe(OH)2. Therefore the authors concluded that this method is not a viable process to 
make LFP. However, after the reaction parameters were optimized, considerable 
improvement was achieved in the storage performance of the LFP by several groups. 
Later it was realised that higher synthesis temperature (>175°C) prevents the anti site 
disorder. The addition of reducing agents like ascorbic acid or sugar controlled the 
Fe
2+
 oxidation and further annealing these products at 700 °C resulted in the 
conductive coating on the particle surface.
[54b, 83]
 Kanamura et al.
[54c]
 showed the 
importance of pH on the particle morphology which is very crucial for achieving good 
electrochemical activity of LFP. There are also studies available on the synthesis of 
LFP in supercritical water
[80e]
 with narrow size distribution of the LFP particles. 
Continuous hydrothermal synthesis
[84]
 was also employed to make pure phase LFP 
with uniform size. Soft templates like CTAB (hexadecyltrimethylammonium 
bromide) was also used in the synthesis to make higher surface area LFP powders 
which showed considerable enhancement in the storage performance.
[85]
 Metal doping 
in the LFP was also achieved using this method.
[86]
 Recham et al.
[87]
 recently 
demonstrated a new “eco-efficient hydrothermal synthesis” of LFP with controllable 
morphologies, which is based on the use of “latent bases” (Urea, Formamide, 
Hexamethylenetetramine (HMT) etc) capable of releasing a nitrogen-based Lewis or 
Bronsted base (mostly ammonia) via solvolysis upon heating. LFP synthesised using 
this method exhibits reasonably good electrochemical performance regardless of 
hydrothermal or solvothermal approach. Besides this, the option for latent bases is 




M = Mn, Co, Ni) and silicates and by-products of this approach is a fertilizer 
[(NH4)2SO4] which could be used for industrial applications. 
Ionic liquids  
In the continuous search of alternatives for SSRs, low temperature 
ionothermal synthesis routes were found to be very attractive. This relies on the 
precipitation and growth of the desired phase in the liquid medium upon the increase 
in temperature. This approach is similar to the solvothermal/hydrothermal synthesis. 
However, this differs in the liquid media where ionic liquids act as a solvent instead 





 Surprisingly it was not exploited for the 
synthesis of inorganic material. Recham et al.
[87]
 showed for the first time a successful 
synthesis of the electrochemically active olivine phosphates using the ionic liquids. It 
has an inbuilt advantage of conducting reaction at atmospheric pressure. In addition, 
the recovery of the products is simple and ionic liquid can act as a structure directing 
agent to dictate the crystal growth. Ionic liquids are salts made of organic cations 











). In contrast to the inorganic salts, their melting point is lower than 100 °C. The 
fusion temperature and solvating properties completely depend on the combination of 
the ions present in it. Recham et al.
[87]
 used nearly 10 different ionic liquids at 
identical concentration of the starting (LiH2PO4 and FeC2O4.2H2O) precursors to 
synthesis LFP at 250 °C. They found that the morphology and size of the obtained 
LFP depend on the nature of the ionic liquid, polarity, solvating power and propensity 
to specifically absorb on one of the crystal surfaces. LFP synthesised using C10-based 




these samples were neither chemically coated nor treated at high temperatures (<250 
°C). This new approach is not only limited to LFP and hence offers great 
opportunities for the synthesis of other new electrode materials at low-temperature.  
Precipitation method 
This method offers phase pure, homogeneous, and well-crystallized 
nanoparticles of olivine phosphates.
[56b, 90]







 ions above 105 °C. To precipitate the pure LFP 
phase (pH = 6-10) from the solution pH has to be controlled precisely. Lower pH 
leads to the secondary phases like Li3PO4 and Fe3(PO4)2. In general, water-miscible 
high boiling solvents (ethylene glycol, diethylene glycol, N-methyl formamide, 
dimethyl formamide) were mixed with water. When the resulting solution is heated at 
the boiling point of the solvent, it results in the precipitation of the crystalline LFP. 
Since the phase is formed during the precipitation step, the post sintering time and 
temperature of this method is considerably lower than the ceramic routes. Polymers 
like polyvinyl alcohol (PVA) can be added during the precipitation and further heat 
treatment could be done to convert them into the carbon film on the surface of the 




Spray pyrolysis is an effective method for preparing olivine phosphates nano 
powders with regular morphology.
[53b, 92]
 Homogeneous acidic solution of starting 





 on the reactor at temperatures ranging from 450 to 650 °C by a 
carrier gas. Sucrose was also added on to this solution to produce the carbon net work 




which allows the use of air as a carrier gas as well as Fe
3+
 precursors as iron source. 
As synthesised powders were spherical in nature and exhibit poor crystallinity which 
makes the high-energy ballmilling and post heat treatments (600 to 900 °C) at 




1.6.3.2 Lithium manganese phosphate (LiMnPO4) 
Among all the olivine phosphates LiMnPO4 (LMP) is considered to be an 
excellent candidate for the large-scale energy storage system (PHEVs and HEVs) 
which requires efficient Li storage at higher rates and also be economically efficient. 
LMP shows 0.6–0.7 V higher operational voltage due to the Mn2+/Mn3+ redox couple 
along with a superior theoretical energy density of 701 Wh/kg (171 mAh/g × 4.1 V) 
when compared with that of LFP (586 Wh/kg ) 170 mAh/g × 3.45 V).
[53a, 76b, 95]
 
Besides this, energy density of the LMP is practically achievable within the limits of 
the commercialized carbonate ester-based electrolytes. These features make LMP as 
the suitable candidate to replace the conventional cathodes (LiCoO2, LiNiO2 and 
LiMn2O4). However, pioneering studies by Padhi et al.
[45]
 and several other groups
[95g, 
96]
 showed the complete electrochemical inactivity of LMP due to the following 
reasons. Strong polarons,
[96]







 Jahn-Teller anisotropic lattice distortion of the charged 
phase (MnPO4), and the huge volumetric change (~10%) between LiMnPO4 and 
MnPO4 during the Li intercalation/deintercalation makes it complex to obtain 
reasonable electrochemical activity.
[97]
 Incredible efforts have been made in recent 
years to surmount these limitations by substitutional doping,
[98]
 electronic wiring with 
downsizing 
[95d, 99]
 and off-stoichiometric preparations.
[100]
 Li et al.
[95f]




reversible capacity of 140 mAh/g at low rates for several cycles using solid-state 
synthesized LiMnPO4/C composite powder. Recently nanoplates of LiMnPO4 grown 
via SSR in molten hydrocarbon exhibited a storage performance of 168 mAh/g at 
C/25.
[99]
 Using polyol method Kim et al.
[101]
 showed a reversible capacity of about 
115 mAh/g at 0.1 mA/cm
2
. However, using the same technique good electrochemical 
performance was recently observed for thin LMP plate coated with carbon by Martha 
et al.
[102]
 LMP/C prepared by the sol-gel method in the earlier studies by Dominko et 
al.
[95e]
 and Bramnik et al.
[103]
 demonstrated only poor electrochemical performance. 
However, recently Drezen et al.
[95h]
 showed pure LMP/C particles (140–220 nm) by 
the sol–gel method and subsequent dry ballmilling with carbon displayed reversible 
capacities of 134 and 156 mAh/g at C/10 and C/100 rates, respectively. Recently, Oh 
et al.
[95d]
 also showed high performance carbon-LiMnPO4 nanocomposite by 
ultrasonic spray pyrolysis and subsequent ball milling with various amount of carbon. 
These nanostructured C-LMP powders (30 wt% C) exhibited the best electrochemical 
performance of 107 and 158 mAh/g at rates of 2 and 0.05 C respectively. Most of the 





 or microwave hydrothermal methods
[74b]
 resulted either in the 
moderate or poor electrochemical activity when compared with the high temperature 
routes. Considerable attention has been paid in the recent years to advance the 
electrochemical activity of LMP. However, intrinsic properties of this material make 
the progress sluggish.  
1.6.3.3 LiCoPO4 and LiNiPO4 
Limitations of LFP paved the way to study the other olivine phosphates and 













 Exploratory research by Amine et 
al.
[105b]
 demonstrated a discharge capacity of 70 mAh/g with the plateau at 4.8 V 
which is, far below its theoretical capacity (167 mAh/g). This poor capacity and 
cyclability is attributed to the low intrinsic electronic conductivity and Li
+
 diffusivity 
of LiCoPO4 and the lack of stable electrolytes for such high-voltages. Yang et al.
[76b]
 
demonstrated that unlike other olivine phosphates (LFP and LMP) the enhancement of 
electronic conductivity by surface carbon coating is difficult. Rabanal et al.
[106]
 
provided the important insight in the Li-ion diffusivity increment by high energy ball-
milling of LCP powders. However, a serious drawback of this approach is the 
laborious steps involved in the SSR reaction besides the crystallinity decline of LCO 
by mechanical milling. Han et al.
[107]
 simplified the process by using microwave 
heating after milling with carbon. Partial substitution 
[107-108]
 of Fe or V is found to be 
promising because it increases the Li ion mobility in 1D tunnels of the LCP crystal. 
Lloris et al.
[105e]
 demonstrated that by using excess lithium precursor during the 
synthesis can also significantly increase the discharge capacity (125 mAh/g) of LCP. 
Most of the work shows the considerable amount of side reaction during the charge 
process due to the oxidation of the electrolyte which complicates the precise 
estimation of the amount of lithium extracted. Significant progress has to be done 
before this 5 V material could be materialized. Lack of a suitable electrolyte makes it 
even tougher to use the LiNiPO4 for the LIB application which poses theoretical 








1.6.3.4 Multi component olivines 
Even though the research works on olivine phosphates were converged more 
on the LiMnPO4, LiCoPO4 and LiNiPO4 due to high redox voltages 4.1, 4.8 and 5.1 V 
respectively,
[110]
 these materials posses poor electrochemical performance due to the 
sluggish electrical conductivity compared to LiFePO4. An effective way to improve 
the electrical conductivity is by making the solid solutions of the various metals. 
Exploratory study by Yamada et al.
[111]
 on the LiMnxFe1−xPO4 system showed 
considerable development in the lithium storage. Conductivity studies by Molenda et 
al.
[112]
 pin pointed the significant improvement in the electronic conductivity. The less 
activation energy of electronic conductivity for the Fe-Mn solid solution (0.55 eV) 
maximises the manganese utilization (electrochemical activity) and has a superior rate 
capability than LMP.
[113]
 A systematic and comprehensive investigation has been 
carried out by various groups on the Fe-Mn system to figure out the suitable ratio for 
achieving the best electrochemical activity.
[45, 114] 
Alternatively, the LiMn1-yCoyPO4 
and LiFe1-yCoyPO4 solid solutions are also attractive due to their high operating 




 Recently multi-metal phosphate, 
LiCo1/3Mn1/3Fe1/3PO4 was also investigated for the Li storage.
[115-116]
  
1.6.4 Silicates (Li2MSiO4) 
The crystal structure of lithium transition-metal silicate (Li2MSiO4, where M is 
Fe, Mn and Co) compounds fit in to the LISICONs (LIthium Super Ionic 
CONductor) family, with all cations tetrahedrally coordinated by oxygen.
[117]
 Silicate 
based cathodes offer reversible intercalation of more than one mol lithium per 
transition metal ion at least in theory (Mn and Co) consequently higher energy 
density.
[117c, 118]




Li2FeSiO4 (LFS) due to its low cost and environmentally friendly nature.
[118a, 118e-g, 119]
 
However, it shows unimpressive lithium storage of 170 mAh/g at relatively low 
voltage of 2.8 V which leads to the maximum energy density of only 480 Wh/kg. 
Unlike LFS, Li2MnSiO4 (LMS) is a promising candidate which can allow the 







[117d-f, 118b, 119b, 
120]




is still not clear.
[121]
 The calculations of 
Kokalj et al.
[122]
 forecast that the structure of LMS will crumple if all the Li is 
extracted out of the material which is also evidenced from XRD, solid-state NMR and 
TEM techniques by the same group. In contrast to the individual silicates, mixed-ion 
system Li2(Fe1-xMnx)SiO4 x = 0.5 allows the > 1 electron reaction practically.
[122-123]
 







 Considerable amount of work is required to circumvent the 
conductivity problem associated with silicates to make further progress with this 
material.  
1.6.5 Metal organic frameworks  
Microporous metal organic frameworks (MOFs) have been demonstrated to be 
one of the prospective materials in gas storage, chemical separations, selective 
catalysis and drug delivery.
[124]
 Recently they have received considerable attention in 
the area of LIB due to their high porosity and robustness.
[125]
 The first report by Li et 
al.
[125f]
 on the use of MOF-177 [Zn4O(BTB)2 where BTB 1,3,5-benzenetribenzoate] to 
host the Li ions was not successful, this experiment suggested that Li storage occurs 
through conversion reaction, resulting in the irreversible structural destruction of the 





Figure 1.11 Voltage profile for a Li/[Fe
III
(OH)0.8F0.2(O2CC6H4CO2)]·H2O half cell 
cycled between 1.5 and 3.5 V at a C/40 rate (one equiv Li in 40 h). The insets (a) 




First successful Li intercalation was achieved in the MOF MIL-53(Fe) 
[Fe(OH)0.8(F)0.2(O2C–C6H4-CO2] by Férey et al.
[125e]





was inserted and extracted at the rate of C/40 without any alteration of the framework 
(Fig. 1.11). Further improvement (0.6 to 1.2 mole) in the Li storage was achieved by 
Combarieu et al.
[125d]
 upon the incorporation of electroactive organic guest molecule 
1,4-benzoquinone within the cavity of the framework [MIL-53(Fe)qui]. Even though 
these MOF show poor cyclability and storage at higher rates there is ample scope to 




1.6.6 Organic electrodes – A sustainable and greener Li-ion batteries 
 
Figure 1.12 Voltage profiles of the initial charge/discharge processes (a) PTCDA and 
the sulfide polymers (current density: 100 mA/g). (b) cyclability 
[126]
 (c) 
Li2xC18H12O8/Li rate of 1 Li
+




Consideration on the material availability and synthesis, which cause a lower 
carbon footprint, the concept of sustainable electrodes is fetching significant attention 
recently and in addition to this battery recycling turn into a compulsory action due to 
the mass production of the growing EV industry.
[52]
 All these factors force the 
research community in to the synthesis of electro-active organic electrode materials 
by „green chemistry‟ concepts (low-cost processes and free of toxic solvents). Recent 
report by Chen et al.
[128]
 on the organic molecules, showed that striking 
electrochemical features in terms of voltage and energy density possible in these 
materials when compared with conventional positive electrodes. Lithium rhodizonate 
(Li2C6O6) phase (oxocarbons) exhibited a capacity of 540 mAh/g that significantly 
exceeded the commercialised LCO positive electrode (150 mAh/g). In addition, to the 
complete sustainability of these materials, they are synthesised from the oxidation of a 




in the corn-steeping liquor. Further, Armand et al.
[129]
 showed conjugated carboxylate 
cores such as lithium terephtalate (Li2C8H4O4), are capable of storing lithium 
reversibly which exhibits a capacity of (340 mAh/g) at lower potential. Recently, Han 
et al.
[126]
 showed an aromatic carbonyl [3,4,9,10-perylene-tetracarboxylicacid-
dianhydride (PTCDA)] with sulfide polymer, having both high capacity and high 
cycling stability (Fig. 1.12 a, b). Same group also showed successful Li insertion in 
the new coordination polymer based on an aromatic carbonyl ligand. A complete Li-
ion cell was built by Chen et al.
[130]
 using renewable organic electrodes (positive and 
negative) which showed a satisfactory level of performance. Very recently, Walker et 
al.
[127]
 have demonstrated the synthesis, characterization, and Li storage of an organic 
salt, [lithium 2,6-bis(ethoxycarbonyl)-3,7-dioxo-3,7-dihydro-s-indacene-1,5-
bis(olate)] capable of reversible intercalation/deintercalation with negligible 
polarization. They exhibit an overall capacity of 125 mAh/g (1.8 Li per formula unit) 
at ~1.96 and ~1.67 V (vs. Li/Li
+
) (Fig. 1.12 c). Even though these organic electrode 
materials show no carbon foot print, they have their own pitfalls such as, solubility 
issues and poor density. Besides these difficulties researchers also suffer in isolating 
the multifunctional organic molecule whose Li salt could be oxidizable as well as 
unstable. These shortcomings must be overcome before implementing these 
sustainable organic electrodes in the LIB market.
[52]
  
1.7 Research trends on anode materials for LIBs  
State-of the-art LIBs use LiCoO2 as a positive electrode and speciality graphite 
in the form of mesocarbon microbeads (MCMB)
[131]
 as negative electrode (anode). 
This section deals with the trends and development on the negative electrode. 




vehicle applications (HEV and BEV) require an improved LIB technology in terms of 
safety, energy density and cost. Though speciality graphite anode has several 
advantages, lithium deposition upon fast discharging and associated safety problem 
enhanced the search for alternative anode material in order to increase the energy 
density and avoid the safety problems. In this context, numerous research works are 
going on studying various materials.
[132]
 Based on their reactivity with lithium they 
have been classified as following 1) intercalation-de-intercalation, 2) alloying-de-
alloying and 3) „conversion‟ or displacement reactions.  
Requirement for an anode material are as follows: 
1) High capacity for lithium, 
2) Low chemical potential (µ) of the lithium in the charged/lithiated compound,  
3) Fast lithium intercalation kinetics,  
4) Low structural (volume) changes during lithium insertion/extraction, 
5) Possible nanostructuring of the material enables the reduced transport length  
           for the Li ions. Besides this higher surface are of the nanomaterials enhance the  




1.7.1 Carbonaceous insertion electrodes  
 
Figure 1.13 Schematic depiction of (a) C60 fullerene, (b) single-walled carbon 




Carbon is an abundant element in nature earth‟s crust. Carbon-based 
intercalation compounds was first reported by Schaffautl in 1841.
[134]
 However, the 





intercalated graphite is a milestone in the area of lithium storage and this proposal was 
first commercialised by SONY in the rocking-chair battery (LIB). This section briefly 
reviews and discusses some of the anode materials previously used starting from the 
various recent forms of carbon (Fig. 1.13) (fullerenes, nanotubes, graphene and 
diamond) and ending with classical lithium intercalation in graphite.  
1.7.1.1 Fullerenes 
Fig. 1.13a illustrates a cagelike structure of fullerene (C60) produced by 
hexagons and pentagons with carbon atoms placed at vertices. Cyclic voltammetry 
studies on the fullerenes shows that it can be reducible in solution. Besides, doping 
with alkali and alkaline earth metals
[136]
 are also available in the literature. Earlier 




of C60 can be realised up to five electrons per molecule.
[137]
 Either liquid or solid 
polymer electrolyte (SPE) has been employed to study the electrochemical Li storage 
of the fullerene.
[138]
 Especially, in the case of fulleride anion PEO-LiClO4 based solid 
polymer electrolyte have been used to avoid the solubility of fulleride anion. Utmost 
of 1 Li
+
 per 5 carbon could be inserted into C60 corresponding to the Li8(Liþ)4C60 
which is excess by 4 Li per C60 and is regarded to be inserted as a neutral lithium.
[136]
 
Considerable development in the Li-storage capacities have been observed in the 
hydrogenated fullerenes with the following composition x < 60 and C70Hx with x < 
70.
[139]
 The Li intercalation performance was found to be proportional with the degree 
of hydrogenation.  
1.7.1.2 Carbon nanotubes  
Several years after the innovation of carbon nanotubes (CNTs),
[140]
 Che et 
al.
[141]
 and Frackowiak et al.
[142]
 measured the lithium storage of CNT (Fig. 1.13b). 
Since then, there have been abundant reports that have estimated the use of CNTs in 
LIB.
[11, 142-143]
 Lithium storage occurs in the CNT as a result of effective diffusion of 
Li
+
 ions into the stable sites placed on the nanotube surface/inside via sidewall or 
endcap openings. Theoretical calculations propose that reversible capacities for the 
LiC2 stoichiometry can exceed 1116 mAh/g for SWCNTs,
[144]
 which shows a 
dramatic increment over conventional graphite electrodes. The Li storage of CNTs 
strongly depends on the morphology and synthetic methods used for the preparation. 
Arc produced CNTs
[143c]
 exhibited reversible capacity of ~200 mAh/g
 
while, bamboo 
like carbon nanotube 
[145]
 synthesised by chemical vapor deposition (CVD) could 
display only 135 mAh/g. However, Wu et al.
[146]
 demonstrated the Li consumption 
equivalent to capacity of nearly 1400 mAh/g
 
in CNTs. Chen et al.
[147]




milling of the CNT can increase the Li storage by creating the defects and also 
reducing the nanotube length that can facilitate the faster Li diffusion.
[147]
 Even 
though considerable amount of work has been done on the structural and electronic 
aspects of various morphologies or composite of CNT, lithium intercalation 
mechanisms in these materials is elementary. Besides the various advantages (high-
strength, durable electrodes with superior power and energy densities) of CNT poor 
yield, complicated instrumentation to prepare mass production of CNT which is 
required that involves high cost and huge irreversible capacity loss and the above 
mentioned factors prevent their commercial applications. 
1.7.1.3 Graphene  
Graphene consists of free standing 2D sheet of sp
2
 hybridized carbon (Fig. 
1.13c). Its extensive honeycomb network is the fundamental building block of various 
important carbon allotropes like 3D graphite (stacked graphene), 1D nanotubes (rolled 
graphene), 0D fullerenes (wrapped graphene). Freestanding graphene was 
experimentally invented by Novoselov et al.
[148]
 However, its chemical and physical 
understanding is still rudimentary.
[149]
 The theoretical specific capacity of graphene as 
expected surpasses that of graphite (LiC6; 372 mAh/g) due to the fact that Li
+
 
adsorption can occur on both sides of the graphene layer. Besides, multilayer 
adsorption 
[150]
 is also feasible at a high chemical potential of Li
+
 which lead to the 
superior Li storage capacities. Density of states calculations
[151]
 shows that 0.7 nm 
thickness graphene sheets could provide the highest Li storage performance with a 
Li4C6 stoichiometry. Recently, multi layer graphene nanosheets have been tested as an 
anode material for LIB and they exhibited good reversible capacity.
[152]
 Lian et al.
[153]
 









) were prepared by thermal exfoliation method. This material exhibited 
reversible specific capacity as high as 1264 mAh/g at a current density of 100 mA/g 
and it also demonstrated a good cycling performance for the lithium storage. 
1.7.1.4 Graphite  
Graphite is one of the most extensively studied system
[135a, 154]
 for the Li-
intercalation which provides a suitable structure for Li ions to diffuse in between the 
carbon layers and to form intercalation compounds. Armand et al.
[155]
 proposed for 
the first time lithium intercalated graphite as the negative electrode application. 
Intercalation in graphite refers to the insertion of Li
+
 between carbon layers 
(graphene) which is reversible and „„topotactic‟‟, which means that the insertion leads 
to an increase in inter-layer distance. However, carbon arrangement within the layer 
remains unaffected
[156]
 and this was well characterised by HRTEM studies by Song et 
al.
[157]
 Considerable attention has been paid to understand the lithium intercalation 
mechanism and intercalated graphite with the nominal composition of LixC6 with 0 < 
x < 1 by various techniques.
[154a, 154b, 158]
 These studies show that lithium resides 
between two adjacent carbon (graphene) planes and within the plane each lithium sits 
in a way to achieve the maximum composition, LiC6 in the following sequence Li–
C6–Li–C6 along the c-direction (Fig. 1.14). Lithium intercalation into graphite occurs 
through a staging mechanism during which lithium fully intercalates into a specific 





Figure 1.14 Schematic illustration of the LiC6 structure with the stacking order of 




Even though conventional carbonaceous materials have several advantages, 
their operating voltage is close to 0 V vs Li/Li
+
. The electroplating of lithium occurs 
at this potential leading to the dendritic growth of lithium on the surface of 
carbonaceous electrode especially at high charging current rate which renders the 
battery unsafe. To prevent this, expensive and careful electronic control of charging is 
required which increases the cost of the LIB. This disastrous safety consequence and 
high cost paved the way to explore other host materials with higher safety.  
1.7.2 Spinel titanium oxide (Li4Ti5O12)  
A fundamental solution to surmount the safety issues related to the 
carbonaceous electrodes (dendritic growth of lithium) is the use of a redox couple 
with elevated equilibrium potentials, where the Li dendrite formation is 
thermodynamically not feasible. Pioneering study by Dahn, Thackeray, and Ohzuku 
and others
[159]








 working nearly at 1.55 V vs Li. Colbow et al. 
showed that both metallic LiTi2O4 and insulating Li4Ti5O12 (LTO) demonstrate 
similar Li intercalation potential around 1.36 V and 1.55 V respectively.
[159a, 160]
 The 
specific theoretical capacity of the spinel LTO is limited by the number of available 
octahedral sites for Li insertion which is 175 mAh/g. Spinel framework offers a 3D 
network of channels for facile Li
+









and displays a minimal volume expansion even after full intercalation. This makes it 
an impressive negative electrode for high rate, long cycle life LIB applications. 
However, unfortunately the electronic conductivity of this material is found to be poor 
due to the empty Ti 3d-states which shows a band gap of 2–3 eV which leads to an 
insulating nature to this material.
[162]
 Therefore, to achieve fascinating electrochemical 
properties of LTO at high current applications it is mandatory to improve the 
conductivity.
[163]
 Significant contribution have been made by various groups on this 
regard to improve the electronic conductivity such as nano structuring by new 





























) in Li, Ti or O site.
[164]
 
Surface modification by nitridation (TiN), Ag, carbon, CNT, organic compounds and 




1.7.2.1 Application of LTO as an anode material for LIB  
LTO is a zero-strain material (no volume change during the intercalation/de-
intercalation),
[165]
 high rate capability,
[166]
 invariable high-temperature performance 
even at 60 °C in 1 C rate,
[4a]
 no SEI formation (fully charged electrode is not reactive 




promising alternate to replace the carbonaceous anodes in the commercial LIB 
(LCO/C).
[167]
 Fig. 1.15 illustrates the operating voltages of LTO anode with various 
cathode materials.  
 




LiMn2O4/LTO cells show an excellent capacity retention at 4 C rate, the capacity loss 
in CC (Constant Current) mode does not exceed 7.95% after 5000 cycles, and the 
capacity loss in CC-CV (Constant Current–Constant Voltage) mode does not exceed 
4.75% even after 2500 cycles.
[168]
 LiNi0.5Mn1.5O4/LTO cells retains 83% of initial 
capacity even after 1100 cycles demonstrating that the cyclability and rate capability 
is excellent.
[169]
 No capacity attenuation was found even after 1000 charge–discharge 
cycles in case of LiFePO4–PAS/LTO commercial cells at 1 C rate.
[170]
 Every material 
has its own advantages as well as pitfalls and LTO is not an exception. Higher 





1.7.3 Conversion reaction 
 
Figure 1.16 Characteristic voltage vs composition curves of the first few cycles for an 
electrode containing a material that reacts with lithium through a conversion reaction 




Ti based oxides are not the only anode electrodes that functions at higher 
potentials when compared with carbonaceous electrodes.
[172]
 In recent times, 
transition metal oxides (TMO) have also gained considerable attention as anode 
materials due to the growing demand for new and high energy anode materials to 
fulfil the needs for large scale batteries. TMO reacts with lithium by the conversion 
reaction forming a reversible nanocomposite of metallic nanoparticles (2–8 nm) 






- ↔ Li2O+M (M = Co, Fe, Ni and Cu) (e
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Conversion reactions provide Li storage capacities of 400–1000 mAh/g which 
is nearly four times higher than the commonly used graphite electrodes.
[171-172]
 This 
high energy density is due to the amount of electrons participating in the conversion 
reaction. This is based on the transition metal oxidation state which is generally more 
than one whereas, in the insertion electrodes this is less than one. Highly reversible 
and good cyclability up to hundreds of cycles was achieved in conversion reactions 
owing to the insitu nanometric products produced in the first electrochemical cycle. 
Furthermore, nanomaterials are produced insitu which avoids the use of individual 
nanoparticles with low-packing. Even though countless number 
[171-172]
 of transition 
metal oxides is known for the conversion reactions, this section briefly reviews only a 
few important first row metal oxides. 
1.7.3.1 Cobalt oxides  
Co based oxides (CoO and Co3O4) are one of the well investigated TMO for 
anode application in LIB.
[173]
 Even though preliminary reports
[174]
 showed the 
formation of Co and Li2O by the conversion reaction it was not prominent until the 
excellent capacity and good cyclability shown by Tarascon et al.
[172a]
 on CoO system. 
Extensive research has been triggered after the report by Tarascon et al.
[172a]
 on CoO, 
which showed that it can be efficiently recycled after couple of cycles in between 0 
and 3 V. Irrespective of the microstructure used for the electrochemical cycling of 
CoO, nanoparticles of CoO were formed after one or more full charge cycles.
[172a, 175]
 
Exceptional capacities of >800 mAh/g after 100 cycles have been observed by several 
authors for samples prepared with diverse particle shapes and sizes.
[176]
 Significant 
contribution from Grugeon et al.
[177]
 demonstrated outstanding capacity retention of 




Co3O4 has recently fascinated many researchers due to its superior theoretical capacity 
of 890 mAh/g when compared with CoO which has 715 mAh/g. Several synthetic 
methods
[171]
 are known for the synthesis of Co3O4 such as decomposition of 
precursors, precipitation, inverse microemulsions, solvothermal, electrospinning, 
growth within hard templates, spray pyrolysis, high energy mechanical milling 
(HEMM), citrate-gel bio-assisted texturation using genetically tailored viruses as 
templates, radio frequency (RF) sputtering, pulsed laser deposition (PLD), precursor 
decomposition, electrodeposition and the electrochemical performance has been 
evaluated for this various synthetic routes showed outstanding capacities >800 mAh/g 
have been achieved for some routes after several cycles.
[178]
 Considerable 
development in the capacity retention has been achieved for Co3O4 composite with 
carbon.
[179]
 However, most of the reports show the capacity values obtained for the 
Co3O4 is similar to CoO, i.e. ≤ 800 mAh/g and this is attributed to the fact that the 
oxidation of the nanosized Co/Li2O composite leads to the formation of CoO instead 
of Co3O4.
[180]
 Promising performance of Co oxide based electrodes justified their 
evaluation in LIBs
[181]
 however, their cost and toxicity prevent their progress. 
1.7.3.2 Iron oxides  
The huge theoretical capacities of Fe2O3 (1007 mAh/g), in addition to its 
environmental benigness and low cost, undoubtedly makes it a promising candidate 
for anode applications.
[182]
 Besides this salient features numerous synthetic routes
[171]
 
are known to synthesize Fe2O3. Recent reports by several groups 
[183]
 showed that the 
huge capacity retention (> 900 mAh/g) is sustainable for at least up to 50–100 cycles 
hold the applicability of this compound. Vast majority of the studies have been 
limited to the electrochemical activity of α-Fe2O3 and γ-Fe2O3 
[184]




perform in the similar way. However, Srirama et al.
[185]
 proposed that γ-Fe2O3 rather 
than α - Fe2O3, with suitable conductive coating, could be an appropriate anode 
material for LIB.  
Fe3O4 is another interesting iron oxide system that was successfully studied for 
LIB.
[186]
 Even though electrochemical studies of Fe3O4 received much lesser attention 
compared with Fe2O3, Taberna et al.
[186b]
 demonstrated excellent capacity retention 
(900 mAh/g after 50 cycles), and good rate capability of Fe3O4 nano-architectured 
electrodes deposited on top of nanostructured copper current collectors. This study 
illustrates the importance of Fe3O4 for the consideration of the anode application. 
Engineering control of the nano Fe3O4 composite with either C or Fe metal shows a 
considerable improvement in the rate capability.
[186c, 187]
 However, long term 
cyclability of this material has to be improved. Reversible conversion reaction has 




1.7.3.3 Manganese oxides  
Apart from low cost, abundance and environmental friendliness, manganese 
based oxides (MnO2) exhibits outstanding theoretical capacity of 1233 mAh/g 
however, the full reduction of MnO2 to Mn metal by Li is found to be 
questionable.
[188]
 This not only restricts in achieving the full capacity but also shrinks 
the attention to manganese oxides when compared with other binary oxides (Co and 
Fe). Electrochemical studies on γ-MnO2 shows large first discharge capacities >1000 
mAh/g and, in few cases, nearly 2000 mAh/g observed with similar voltage 
characteristics of conversion reactions at 0.4 V.
[189]
 Similar first discharge capacities > 










 However, rapid capacity fading with cycling and poor 
coulombic efficiencies in the first cycle reduced the systematic efforts to optimize 
these materials.  
1.7.3.4 Other oxides  
Cr2O3 is another interesting TMO that has been explored for the anode 
application in LIB. Even though it has higher theoretical capacity of 1058 mAh/g at a 
very low of voltage of 0.2 V vs Li, the poor coulombic efficiency and toxicity restrict 
its wide spread usage.
[192]
 Cyclability of this Cr2O3 powders were found to be very 
poor without excess carbon which comes with at the expense of volumetric specific 
capacity.
[192b]
 Conversion reaction of NiO is also known in the literature
[193]
 which 
exhibits the capacity close to its theoretical value 718 mAh/g for tens of cycles in the 
various form such as powder,
[194]
 thin films on flat
[193, 195]
 and mesh substrates.
[194b, 196]
 
Mesh electrodes demonstrate capacities of 700 mAh/g at rates as high as 10 A/g.
[196]
 
Cu based oxides, both CuO and Cu2O are known to undergo conversion reaction to 
form Cu nanoparticles in Li2O matrix when reduced by lithium.
[197]
 Cycling capacities 
~ 600 mAh/g have been observed for most of the thin film CuO electrodes.
[198]
 
Cycling inefficiencies have been found for CuO electrodes, in the presence of Cu2O 
after a full cycle.
[199]
 Careful design of the electrodes are required to overcome this 
cycling inefficiencies.
[200]
 Among the various TMO studied, rutile structured RuO2 is 
an interesting Li storage material.
[201]
 Balaya et al.
[201c]
 demonstrated that Li can be 
stored in this material with unusually high columbic efficiency of 100% in the first 
cycle. Conversion reaction in RuO2 results in the Ru/Li2O composite at the end of first 
discharge with the large lithium storage capacity of 1,110 mAh/g (5.6 Li per RuO2) in 




because of the high ionic and electronic conductivity besides the formation of 
nanostructures at 2–5 nm. However, high price, toxicity and drastic capacity fading 
after the three cycles prohibited the development of this material.
[201c]
  
Despite their huge specific capacities and good cyclabilities, transition metal 
oxide materials compared to carbonaceous electrodes, will not warrant for their 
commercial applications due to their large ICL in the first cycle, high working 
potentials as an anode 1.8–2.0 V (vs. Li/Li+) and the huge potential difference ( V 
hysteresis) between discharge and charge, leads to decline of the power efficiency of 
the LIBs. 
1.7.3.5 Nitrides, Phosphides and Hydrides 
Conversion reaction offers an exclusive opportunity to organize the redox 
potential by changing the electronegativity of the anion. Thus, the viability of using 
conversion reactions for other anions such as hydrides, nitrides and phosphides were 
also well known.  
Unlike oxides, conversion reaction on nitrides offer a lower intercalation 
potential which leads to the extensive study on the binary and ternary metal nitrides 
systems for last few years.
[202]
 Conversion reaction on metal nitrides leads to the 
formation of metal (M) nano-particles embedded into the Li3N matrix during 
discharge instead of Li2O. Electrochemical activity of the metal nitrides was mostly 
studied as thin films and they demonstrated capacities of 600-1000 mAh/g
 
stable up to 
nearly 80 cycles. This is attributed to the fact that in-situ discharge product Li3N 
obtained is an excellent ionic conductor.  
Transition metal phosphides exhibits more covalent bonding than the 
corresponding oxides and nitrides.
[9a, 38b]




phosphides yields metallic nano particles and Li3P which has been discovered recently 
by Souza et al.
[203]
 on the MnP4. Staggering of lithium occurs in the metal phosphides 
first before they get reduced into the metallic form which leads to the large specific 
capacity of > 1400 mAh/g.
[203b]
 Early transition metals such as V or Ti 
[204]
 do not 
undergo conversion reaction unlike the first row post transition metals such as Mn, Fe, 
Co, Ni or Cu. The huge specific capacity at lower voltage makes the transition metal 
phosphides as a promising family of compounds for the anode applications.
[205]
 
Unfortunately, the reversible cycling of these materials was found to be poor along 
with huge ICL at first cycle.
[203b]
 
Recently, Oumellal et al.
[206]
 demonstrated for the first time the feasibility of 
conversion reaction at low potential (0.5 V vs Li
+
/Li) with very less polarization on 
the metal hydrides. Conversion reaction on MgH2 leads to the formation of a 
composite containing Mg metal embedded in a LiH matrix, subsequent charging 
reverts back to MgH2. They have shown that this is not only limited to MgH2, other 
metals hydrides also shows the similar reactivity such as TiH2, NaH, Mg2NiH3.7 and 
LaNi4.25Mn0.75H5. However, the capacity retention was found to be poor in addition to 
the handling difficulties.  
1.7.3.6 Oxalates and Carbonates  
Recently, Tirado‟s group[207] has demonstrated viability of Li-cycling in 
mesoporous iron oxalate and cobalt oxalate nanoribbons, which exhibits a reversible 
capacity of ~700 mAh/g
 
for Fe and 900 mAh/g
 
for the Co system when cycled 
between 0 and 2 V vs. Li. „Conversion‟ reaction, (discharge) in these materials leads 
to the composite of metal nanoparticles embedded onto the Li2C2O4 matrix.
[207a-c]
 




cyclability of manganese carbonate (MnCO3) has also been shown by this group 
conversion reaction in this materials relies on the reversible formation of carbonate 
ion.
[191]
 Yogesh et al.
[208]
 showed Li-storage and good cycling behavior of the mixed-
metal carbonate, nano-(Cd1/3Co1/3Zn1/3)CO3 synthesised using simple precipitation 
method under ambient conditions.  
1.7.4 Alloy/De-alloy reactions 
An exploratory study by Dey showed that in an electrochemical cell Li metal 
can alloy with other metals/semi-metals at room temperature in presence of an organic 
electrolyte.
[209]
 Since then extensive works are going on with the Group IV (Si, Ge, 
Sn, and Pb) and Group V elements (P, As, Sb and Bi) where Li-alloying can take 
place.
[12]
 Unlike insertion hosts (carbonaceous material), alloying reaction offers a 
larger specific capacity at relatively low voltages vs. Li. The fundamental reaction is 
Li ions alloying with the host (metal) during discharge and dealloy to give Li and 
metal during charge in the half cell as shown in Eqn.7  
xLi + M ↔ LixM (M = alloying compound) -----(7) 
Even though alloy based materials possess higher capacity, their wide usage is 
handicapped by the huge irreversible capacity loss (ICL) in the first cycle and poor 
cyclability due to an enormous volume change in the unit cell which ultimately, 
cracks the electrode material and disintegrate the electrical contacts during cycling. 
Careful engineering in the microstructure of alloying elements may alleviate the strain 
induced during lithiation and delithiation process to some extent.
[12, 210]
 Few important 





Figure 1.17 Effects associated with the volume change of metal alloy electrodes 
during the charge and discharge process in lithium cells. (a) scheme of Li ion insertion 
and related volume change during discharge, (b) comparison of volume changes: 
pristine material (dark coloured columns) Li
+
 intercalated material (light coloured 




(1) Downsizing the active materials to the nanometre (nm) range which reduces 
the mechanical stress/strain to some extent.
[211]
  
(2) Alloying element (M) can be dispersed homogeneously in a buffer matrix 
(electrochemically active/inactive towards the Li).
[211a, 212]
 This could buffer the 
mechanical strain/stresses developed. 






(4) Capacity degradation which occurs in the alloying reactions is mainly due to 
the loss of contact between the active material and the current collector during the 
cycling. Type and amount of binder used during the electrode fabrication plays a 
vital role in maintaining the contact between the active material and current 
collector.
[213]
 Therefore, selection of appropriate binder is very crucial.  
Although there are numerous amounts of alloying elements that are known, Group IV 
elements such as Si and Sn are found to be very impressive as Li alloying metals 
owing to the superior capacity of Li-rich binary alloys. Therefore, this section 
critically reviews some specific aspects and their progress as an anode for LIB 
application. 
1.7.4.1 Silicon (Si) 
Besides the huge gravimetric and volumetric capacity, Si is also abundant, 
cheap, and environmentally benign. These salient features increased the interest in the 
Si anodes. Several groups 
[214]
 have investigated the electrochemical lithiation of Si 
electrodes in the past decade. Lithium alloying take place around 0.1 V (vs. Li/Li
+
) 
during the discharge process. Several reports demonstrated that crystalline silicon 
changes to an amorphous Li–Si alloy while Si reacts electrochemically with Li[215] by 
solid-state amorphization mechanism.
[215b]
 Comprehensive investigation by Dahn et 
al.
[214f, 216]
 on the ex situ and in situ X-ray diffraction (XRD) of the discharged Si 
electrode provides an important insight into the electrochemical lithiation mechanism 








 → LixSi (amorphous) + (3.75-x)Li+ + (3.75-x)e- (1) ---(8) 









+ Li15Si4 (residual) ----(10) 
During the discharge process, crystalline Si changes to an amorphous Li–Si alloy 
which rapidly crystallizes as a Li15Si4 phase approximately at 50 mV vs Li/Li
+
. 
Subsequent charge process results in the amorphous Si and residual Li15Si4 phase. 
Severe volume change that occurs during the delithiation leads to the electrical 
detachment between the active material (Si) and the carbon particles which cause 
large irreversible capacity. Volume expansion/contraction of the Si particles because 
of the alloying/dealloying process persists on the subsequent cycles leading to the 
fading of the reversible capacity.
[217]
 
Several innovative ideas have been proposed to improve the performance of 
the Si electrodes. Among them applying pressure on the cells, nano sizing the Si 
particle and adding more conductive additives were found to be very impressive in 
increasing the cyclability.
[218]
 Guo et al.
[218a]
 and Chew et al.
[218b]
 demonstrated the 
significant development in cushioning the volume changes and preventing the 
mechanical degradation of the Si electrodes with the help of conducting polymers 
[polypyrrole (PPy)] as a buffer matrix.  
Engineering the electrode architectures has also been suggested to surmount 
the cyclability problems. Porous Si electrodes with 1D channel, nest-like hollow Si 
nanospheres, inverse-opal-based macroporous silicon
[219]
 (Fig. 1.18) and vertically-
aligned Si nanowire arrays on a current collector were fabricated using novel 
synthesis route. These architectures could offer better accommodation of huge volume 




voltage window were also demonstrated with considerable improvement in the 




Figure 1.18 a, b) Scanning electron microscopy (SEM) images of (a–Si:H)–io 
templated from 890-nm pre-sintered silica microspheres c) and d) Galvanostatic 
cycling and rate capability of 10-mm-thick (a–Si:H)–io films.[219] 
 
Intermetallic silicides (Si–M systems M could be a Li active/inactive metal or 
compound) have received tremendous attention from several groups 
[220]
 because of 
the favorable voltage profile and superior reversible capacity than the pure Si based 
on their thermodynamic calculations.
[220a, 221]
 However, electrochemical studies on Si-
active composites such as Mg2Si and CaSi2 at ambient temperature
[220b]
 showed 
similar capacity fading due to the material pulverization. Besides Si-active 
composites, Si-inactive metal compounds such as NiSi and FeSi were also examined 
as alternative anode materials by Wang et al.
[214e]
 Even though these intermetallic 




volume change and capacity fading was still observed. In addition to this, 
lithiation/delithiation properties of CoSi2, NiSi2, SiB3 and FeSi2 were also 
reported.
[222]
 Kim et al.
[223]
 established another approach to restrain the volume 
change during cycling by dispersing it in an inactive host matrix such as TiN and 
TiB2. Nanocomposites of amorphous Si and a nanocrystalline inactive matrix were 
prepared using high energy mechanical milling (HEMM). Even though these 
composites displayed good capacity retention up to 15–20 cycles their reversible 
capacities was limited to 300–400 mAh/g possibly because of the electrochemical 
inactivity produced in the Si due to the prolonged milling. Although the systems 
discussed above showed superior cycle performances than a pure Si electrode, they 
are not yet ready for realistic use in LIBs. 
Recently, considerable work on Si-M-C composites has been reported.
[173c, 214c, 
214g, 214h, 224]
 Different forms of carbon (MCMB, graphite and pyrolyzed carbon) have 
been employed to replace the inactive host matrix which showed particularly 
promising insights in terms of coulombic efficiency, high reversible capacity, and 
cyclability.
[12]
 Carbon is expected to play a crucial role in electronic conductivity, 
uniform dispersion of the Si nanoparticles which leads to the small volume change 
during Li alloying. 
1.7.4.2 Tin (Sn) 
Sn is another interesting element for Li alloying which has been effectively 
tested for the anode application owing to its high capacity.
[214b, 225]
 Li ions form a Li–
Sn alloy phase (Li17Sn4) to accommodate a highest gravimetric capacity of 959 
mAh/g with a working voltage of about 0.5 V vs Li/Li
+
. Sn has a lesser gravimetric 




capacity of nearly 2000 mAh/cm
3
 which is higher than Si and metallic Li.
[226]
 Similar 
to other Li-alloying materials, Sn also posses mechanical degradation and 
pulverization during the cycling as a result of huge volume changes. This leads to the 
collapse of the electrical conduction passages in the electrode thereby causing the 
capacity degradation.
[227]
 Tin-based composite oxide had a better reversible capacity 
than the pure Sn. Fuji et al.
[228]
 showed this for the first time that an amorphous tin-
based oxide can exhibit superior performance. Since then, extensive research has been 
converged on the Sn-based oxide materials such as SnO2, SnO and composite oxides 
of Sn.
[225d, 229]
 The fundamental reaction of Sn-based oxides have been reported by 
Courtney et al.
[230]






+4.4e ↔ 2Li4.4Sn + 2Li2O -----(11) 
During the first discharge Sn–O bonding is irreversibly decomposed (crystal structure 
destruction) to form Sn metal nanoparticles embedded in the Li2O matrix as per 
Eqn.11. Further, this Sn nanoparticles reacts with lithium through the reversible 
alloying followed by the dealloying reaction up to the theoretical limit of 4.4 Li per 
Sn. Enhanced capacity retention in the SnOx composites compared to pure metallic 
Sn, is mainly attributed to the fusion of electrochemically active Sn and an inactive 
lithia matrix. Li2O acts as a buffering matrix which prevents the gathering of finely 
dispersed Sn atoms. However, continuous cycling leads to the aggregation of Sn 
phases surrounded by the Li2O matrix into a large particles,
[231]
 which has been 
confirmed by HRTEM studies.
[232]
 This augmentation in the Sn metal size after 





Figure 1.19 Li2O–CuO–SnO2 a) SEM images of as-deposited thin films on Cu foil 
substrate b) voltage–capacity curves and c) cyclability.[236] 
 
To advance the progress in the Sn oxide as an anode material it is crucial to 
restrain the aggregation of Sn atoms. Significant contributions from various groups 
have been devoted to surmount this problem of Sn oxides. Courtney et al.
[233]
 
demonstrated by limiting the cut-off voltage for dealloying was highly successful in 
preventing the growth of Sn particles which mainly take place in the dealloying 
process.
[233]
 However, this happens at the expense of energy density. Various 
alternative strategies have also been employed, such as incorporation of inactive 
elements (Mo, B, Si and Al) in the Sn oxide,
[12]
 the exploitation of Sn-based glass 
materials in amorphous form
[234]
 and physical alteration of size and morphology.
[229b, 
235]
 Novel morphologies like spherical, porous, multideck-cage (Fig. 1.19), core-shell 
have also demonstrated a high capacity with excellent rate capability.
[236]
 
Carbonaceous inert matrix phases were found to be favourable for the Li-cycling in 
Sn–(M)–C system due to their good mechanical compliance, high electrical 
conductivity, and the capability to accumulate lithium with tiny volume expansion. 
Graphite, amorphous carbon, ordered mesoporous carbon, carbon nanotubes (CNT) 
and graphene were explored for this purpose.
[229a, 235-237]
 A variety of Sn–M–C (M = 
Ti, V, Cr, Mn, Fe, Ni, Cu and Co) composites have been tested as anode material in 




achieved from Sn based anodes, further development in the material architecture 
should be mandatory to take full benefit of Li–Sn alloying reactions.  
In general, a few alloy based materials exhibit an important milestone towards 
commercialization due to their good energy densities than carbonaceous electrode 
materials. Yet the poor capacity retention, huge volume changes and induced 
mechanical stresses hinder their progress. Various compositions and synthetic 
strategies to advance and address the problem associated with these materials before 
implementing it for electric vehicles and large scale energy storage is required.  
1.8 Electrolytes for LIBs  
Electrolytes are essential in all electrochemical devices; the function of 
electrolytes in electrolytic cells is to act as the medium for the charges to transfer 
between the electrodes.
[238]
 Electrolyte is a vital component of LIB, besides the 
electrodes, for the Li-ions transport between positive and negative electrodes. It 
comprises of a highly ionizable Li salt dissolved in suitable organic (non-aqueous) 
solvent/solvents. A good electrolyte for LIB should meet the following requirements. 
[38, 238]
  
1. Good ionic conductivity and poor electronic conductivity are the mandatory aspects 
of electrolyte which reduces the internal cell resistance and resistive heating of the 
battery.  
2. High chemical stability is required to avoid the decomposition of the organic 
solvents in the electrolyte on the surface of highly oxidizing cathode materials (de-




3. Electrochemical stability of the electrolyte should be high so that it can withstand 
high voltage difference of anode and cathode and can work easily without any side 
reactions. 
4. Low melting point of the electrolyte is preferable to exhibit sufficient conductivity 
at very low temperatures and as well as to avoid solidification and phase separation. 
5. High boiling point of the electrolyte is desirable which averts evaporation and 
hinders the pressure build-up in the cell.  
6. Preferably environmentally benign and reasonably low cost.  
Electrochemical stability and conductivity are the two key parameters that should be 
considered before selecting the electrolyte for LIBs. In general, LIBs work in between 
2.5-4.3 V and therefore we cannot employ water as solvent for LIB electrolyte 
because the electrochemical decomposition of H2O occurs at 1.23 V vs. H2/H
+
. 
Electrolytes are characterized into three classes based on their nature: liquid, polymer 
and glass/ceramic electrolyte. 
1.8.1 Li-Liquid Electrolytes  
These electrolytes are generally prepared by dissolving inorganic Li-salts 
(LiPF6, LiClO4, LiCF3SO3 etc.,) in various highly pure linear and cyclic organic 
solvents. It is impossible to have all ideal features of the electrolyte in one particular 
salt and solvent combination. Therefore, a number of different amalgamations of salts 
and solvents were explored and employed as LIB electrolytes. In general organic 
carbonates were found to be attractive for the solvent application owing to high 
dielectric constant, aprotic and polar nature. Propylene carbonate (PC) and ethylene 
carbonate (EC) and co-solvents DMC (Di methylene carbonate), DEC (Di ethylene 




literature for LIB application.
[9a, 38b]
 PC is not an appropriate solvent for LIBs with 
graphite anode, since Li-ion intercalation happens together with the PC into graphite. 
EC mixed with DEC (1:1 vol.) was found to be an excellent combination of cyclic and 
acyclic carbonates due to its superior anionic stability.
[38, 238]
 Countless number of Li 
salts (LiPF6, LiClO4, LiBF4, LiAsF6, LiCF3SO3, LiC(SO2CF3)3 and LiN(SO2CF3)2) 
[38, 
238]
 have been studied for their aptness in LIBs with graphite anode. Among these salts 
LiPF6 exhibits several advantages when compared with other salts such as less toxic, 
excellent passivation of current collector (Al) for the cathode and good thermal 
stability. The electrolyte solution, [1M-LiPF6 dissolved into EC and DEC (by volume 




) and also stable over 
satisfactorily broad range of potential and temperature. Even though it has several 
advantages, if small amount of HF impurity present in the LiPF6 or if the HF impurity 
generated insitu because of the poorly dried electrodes, it leads to increase in the 
internal resistance of the electrolyte.
[239]
 Considerable amount of development in the 
Li-storage and cyclability of LIBs have also been achieved by adding additives such 
as SO2, CS2, N2O, CO2, Li2CO3, in to the electrolyte.
[240]
 Liquid electrolytes also 
posses significant disadvantages like non-flexibility of design, leakage because of the 
improper sealing and pressure accumulation in the LIB when operated beyond 50 °C. 
1.9 Aim of the present study  
As mentioned in the introduction section, commercialised LIB contains toxic, 
LiCoO2 as cathode and graphite as anode for powering the consumer electronic 
appliances. However, high energy applications such as EV, HEV and power tools 
require high power/energy density, safe-in-operation, longevity and more essentially 




character of the electrode (cathode and anode) materials. Universally, research efforts 
are being focussed towards the replacement of current electrode materials by cheaper 
and eco-friendly alternatives. Being motivated by the ongoing research on the 
electrode materials, I have carried out investigations on various olivine phosphates as 
potential cathode material, anatase TiO2 and diamondoid metal formates as 
prospective anode materials for the next generation LIBs. 
As mentioned previously, lithium iron phosphate (LFP), is considered to be a 
potential cathode material for lithium ion batteries but its rate performance is 
significantly restricted by sluggish kinetics of electrons and lithium ions. Theoretical 
studies such as ab-initio calculations, as well as atomistic simulations, show that the 
Li
+
 ions preferably move along the b-axis rather than along the a - or c - axes in LFP 
crystals. Therefore, the b axis thickness is crucial in achieving best storage 
performance out of LFP at higher rates. It is the purpose of this investigation to alter 
the b axis thickness preferably for the high Li storage. Results on this theme are 
described and discussed in detail in Chapter 3. 
Olivine phosphate family (LiMPO4, M = Fe, Mn, Co, or Ni) has been 
recognized as potential cathode materials for rechargeable LIBs. Among them 
LiMnPO4 is an outstanding and much more potential cathode material for LIBs 
compared to LiFePO4 due to its superior redox potential with superior theoretical 
energy density. This is comparable with commercial 4 V class cathodes such as spinel 
LiMn2O4 and layered LiCoO2. In spite of these advantages, poor electronic 
conductivity (2.7 X 10
−9
 S/cm at 300 °C this value is ~10
8
 times lower than the 
LiFePO4 reported earlier) and distortion in the charged state hinder its practical 




coating (carbon, silver, gold and copper) on the surface of LMP to improve its 
electronic conductivity and iron doping was done to enhance the structural stability of 
LMP. Results are described and discussed in Chapter 4. 
In the case of anode, speciality graphite (MCMB) has low experimental 
capacity of ~320 mAh/g, lithium plating on the surface of carbonaceous electrode at 
high charging rate and highly reducing nature of the lithiated graphite (LiC6) 
intrinsically makes the battery unsafe. In this perspective Ti based oxides (TiO2) are 




redox couple working nearly at 1.75 V vs Li/Li
+
 where the Li plating is impossible. 
However, to achieve excellent rate performance out of TiO2 at higher rates, short 
transport length for Li
+
 ions is very important. Therefore, I have prepared mesoporous 
TiO2 with high surface area for the facile intercalation of Li ions. Results are 
explained and discussed in Chapter 5. 
MOFs have been proved to be one of the prospective materials in gas storage, 
chemical separations and selective catalysis and drug delivery. However, they have 
not been extensively studied for the electrode application LIB. Hence, presently 
pure/mixed metal organic framework (MOF) with diamondoid topology M3(HCOO)6 
metal formates, have been prepared and their Li-cyclability has been examined for the 
next generation LIB application. Results are reported in Chapter 6. 
The above mentioned research work has been carried out in partial fulfilment 
of the requirements for the PhD. degree. Most of the work described in this thesis has 
been published and available in the open literature. The relevant work demonstrated 
by others in the literature has been properly acknowledged and the thesis encloses 




training received by me in the course of PhD is of great significance to me and I 
strongly believe that the research findings presented here will contribute to the 
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2.1 Preface to Chapter 2 
The experimental techniques used and their ideology thereof, in the synthesis 
and characterization of materials which were used as electrodes for LIBs applications are 
described in this Chapter. The particulars of coin cell fabrication using these materials as 


















This chapter provides a brief summary of the synthetic methods and principles 
implicated in the physical and electrochemical characterization of olivine phosphate, 
titania and transition metal formates probed as probable electrodes for LIB applications. 
Solvothermal, soft template and solution chemistry have been used for the synthesis of 
electrode materials. Physical characterization techniques include Powder X-Ray 
Diffraction (PXRD), Rietveld refinement of XRD data, Electron Microscopy (EM), X-
ray Photoelectron Spectroscopy (XPS), Infra-Red spectroscopy (IR) and Thermal 
Analysis (TA). In selected cases, Elemental Analysis (EA) was also carried out. 
Electrochemical characterisation involving current-voltage characteristics, Cyclic 
Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) were also 
carried out. 
2.3  Synthesis of electrode materials  
Various synthetic strategies have been developed to produce spatially patterned 
and novel nanostructures. Among them, solvothermal process is the most promising 
one.
[1]
 Olivine phosphates (LMP) (LiMPO4/C M = Fe, Mn and Co) nanoplates have been 
synthesized by this method. In this method, stoichiometric amount of lithium salts, 
transition metal salts (except halides and nitrates) and phosphate salts were taken in 
teflon lined stainless steel reaction vessel. Glycol or water was added as solvent and the 
vessel was sealed tightly. The mixture was autoclaved at 250 to 325 °C in an oven for 
several hours and then it was allowed to cool down to ambient temperature naturally. In 
most of the cases a carbonizing source was also taken along with this in various 
millimolar ratio. The black precipitate obtained was washed several times with ethanol 




particles. In order to carbonize the carbon source completely and to increase the 
crystallinity of the LMP the as synthesized LMP/C was annealed at 450-650 °C for 4-6 h 
in an Ar or Ar-H2 (95:5) atmosphere before checking for the electrochemical 
performance. The furnace used for annealing are: Carbolite (UK), box or tubular furnace. 
The compound synthesized includes LiFePO4/C, LiMnPO4/C, LiFe0.5Mn0.5PO4/C and 
LiFe0.25Mn0.75PO4/C. 
With the help of “soft” templates, a variety of porous materials with diverse 
structures and morphologies can be synthesized. The mesoporous TiO2 samples were 
synthesized using soft-template method with titanium isopropoxide (TiOpr) as a titanium 
source. Various cationic surfactant molecules were used as templates. Cationic 
surfactants, TiOpr and ethanol are of high pure grade obtained from Sigma-Aldrich. A 
definite weight of the cationic surfactant [Cetyl Trimethyl Ammonium Bromide 
(CTAB), Dodecyl Trimethyl Ammonium Bromide (DOTAB) and Octyl Trimethyl 
Ammonium Bromide (OTAB)] was taken in a round bottomed flask and was dissolved 
in a mixture of de-ionized water and absolute ethanol (4:1). To this solution, TiOPr was 
added drop wise with continuous vigorous stirring. The resulting gel was then 
continuously stirred for several hours. The precipitate was then filtered, washed several 
times with ethanol and then heated at 100 °C for 1 h. Calcination was done in static air at 
450 °C for 5 h to remove the cationic template and to increase the cross-linking of the 
inorganic framework.  
Metal formates (M3(HCOO)6 M = Zn, Co and ZnCo) were prepared by a solution 
chemistry method at room temperature. A methonolic solution of M(NO3)2·6H2O was 
mixed softly with a methanol solution (pH~5) of formic acid and triethylamine. The 




of metal formates appeared overnight. Crystals were washed with methanol. The 
desolvated diamondoid was obtained by removing the solvent molecules from the crystal 
lattice of the compounds by heating the compound at 90 C for 5 h under vacuum. The 
detailed synthetic procedures are described in the respective Chapters. 
2.4 Characterization Techniques 
2.4.1 Powder X-ray Diffraction (PXRD) 
Powder X-ray diffraction is a non destructive technique using X-ray, on 
crystalline samples for structural characterization of materials. This is a fingerprint 
characterization of crystalline solids for their structural determination. This technique 
functions on the principle of Bragg‟s law of diffraction.[2] The single crystals or 
polycrystalline solids of substances has repeating units of ions/atoms in a regular fashion. 
They are capable of scattering the X-rays in a specular fashion due to the fact that the 
inter-atomic spacing is comparable to the wavelengths of X-ray. For example, the Cu Kα 
X-rays possesses a characteristic wavelength (λ) of 1.54059 Å. When a beam of 
monochromatic X-rays with a given λ are incident at an angle (θ), on the planes of the 
crystalline solids consisting of lattice planes with a inter planner spacing d, these rays 
will be „reflected‟ or „diffracted‟ from the planes (Fig. 2.1). The path difference 
(XY+YZ) between the X-rays reflected from consecutive planes will be 2d sinθ. 
 





According to Bragg‟s law, the diffracted rays will encounter constructive interference 
when the path difference is an integral multiple (n) of the λ: (shown in Eqn-1) 
2 d Sinθ = n λ ---------------------- (1) 
Angles of incidence which does not satisfy the Bragg‟s condition, „reflected‟ X-rays will 
be out of phase and results in a destructive interference. 
A polycrystalline solid is comprised of numerous minute crystals arranged 
randomly in all possible directions. This is an amalgamation of different lattice planes in 
each possible orientation. Therefore, for each set of planes at least a number of crystals 
must be oriented at an angle to satisfy the Bragg‟s law. The pea  positions and intensities 
of the diffracted beams are usually identified by a transferable detector and the 
consequential powder X-ray diffraction (PXRD) pattern is acquired in the form of a plot 
of intensity (arbitrary counts of diffracted X-ray) and 2θ (degrees). The interplanar 
spacing, d can be easily calculated with the aid of Eqn. 1. The International Centre for 
Diffraction Data (ICDD) offers the standard powder diffraction patterns of a huge 
number of substances in the form of Joint Committee on Powder Diffraction Standards 
(JCPDS) files. As the XRD pattern is the characteristic of a material, the structure of an 
unknown compound can be roughly identified by comparing it with the data available in 
the JCPDS files. Using this information, the precise space group, crystal structure and 
the unit cell parameters can be estimated from the PXRD data with the help of existing 
software for the least square fitting such as AUTOX, FINAX and Rietveld refinement 
technique (TOPAS and GSAS). We have used TOPAS software programs to categorize 




2.4.2 X-ray Photoelectron Spectroscopy (XPS) 
 
Figure 2.2 (a) Schematic of absorbing X-ray with subsequent ejection of core-electron 
and (b) Corresponding energy level diagram. 
 
XPS is a surface sensitive spectroscopic technique which is widely used to 
measure the electronic and chemical state of the elements that are present in the surface 
of the material.
[3]
 When a solid is irradiated with a flux of X-ray photons of known 
energy, a number of photoelectrons escape from the top 1 to 10 nm of the solid being 
analyzed. These photoelectrons originate from distinct electronic energy levels 
connected with those atoms. The energy of the photoelectrons escaped from the surface 
is given by the following equation 
Ek = hν-EB-Φ -------------------------------(2) 
Where hν is the photon energy of the excitation source, Ek and EB are the measured 
kinetic and binding energy (BE) of the photoelectron respectively. Φ is the work 
function, which is the potential difference between the Fermi level and the vacuum level 
of the solid.  
In the present work, powder samples were analyzed using VG Scientific 




electron analyzer set at a constant pass energy of 20 eV. The peak position of C 1s 
spectrum with a B.E. = 284.6 eV, which is always present due to carbon contamination 
in small quantity on the sample surface, is used for calibration purpose. The energy 
resolution of the spectrometer is 0.05 eV. The raw spectra were curve-fitted using XPS 
peak-fit software. Wherever necessary, the spectra were delineated by non-linear least 
square fitting with a Gauss-Lorentz (ratio 60:40) curve into multiple peaks and the 
corresponding BEs were evaluated. 
2.4.3  Electron Microscopy 
2.4.3.1  Scanning Electron Microscopy (SEM) 
Scanning electron microscope produces an electronically-magnified 3D image of 
a specimen of interest.
[4]
 Electrons with energies from a few hundred eV to tens of keV is 
focused at the surface of the specimen from a very fine probe and scanned across it in a 
„raster‟ fashion over a rectangular area of the sample. When the electrons interact with 
the atoms of the specimen a number of phenomena occur at the surface. The energy swap 
between the electron beam and the specimen creates the ejection of secondary electrons 
by inelastic scattering, high-energy electrons by reflection elastic scattering and the 
emission of electromagnetic radiation; specialized detectors were used to detect all these 
phenomena (random scattering and absorption). Various types of electronic amplifiers 
are used to amplify the signals produced. Digitally captured signals displayed on a 
computer monitor that contain information about the sample's surface topography, 
composition and other properties. The highly resolved SEM micrographs can reveal the 
details of about less than 1 to 5 nm in size of a sample surface. Elemental analysis in the 
SEM performed by analyzing the distinctive X-rays ejected, when the electron beam 




to fill the shell and release energy as a characteristic X-rays. This is used to quantify the 
abundance of elements and identify the composition present in the sample. In the present 
investigations, SEM images were taken with a Jeol JSM-6700F field emission scanning 
electron microscope (FESEM) equipped with EDAX (JED-2300) instrument which was 
operated at 5 kV and 10 mA. Since electronically-conducting materials are preferable for 
SEM investigation, samples were coated with a 100 nm thin platinum coating using DC 
sputtering.  
2.4.3.2  Transmission Electron Microscopy (TEM) 
TEM analysis is used in a wide range of scientific fields, such as physical and 
biological sciences. Especially in materials science, semiconductor research, cancer 
research, virology, as well as pollution analysis studies. In TEM technique, a beam of 
electrons passes through an ultra thin sample, interacting with the sample as it 
transmitted through.
[4]
 An image is produced by the interaction of the electrons 
transmitted through the sample; the magnified image is captured and focused onto an 
imaging device, such as a CCD camera, fluorescent screen and on a layer of 
photographic film. This technique offers a resolution below 0.5 Å (50 pm) at 
magnifications above 50 million times. A TEM is composed of several components such 
as an electron emission source, vacuum system, electrostatic plates and a series of 
electromagnetic lenses as well. TEM imaging is subdivided in to two modes dark field 
images (the diffracted beam intensity) and bright field images (the transmitted beam 
intensity) which provides information about structural features of the materials, as well 




2.4.3.3  Selected Area Electron Diffraction (SAED) 
This technique relies on adjusting the back focal plane of the objective lens rather 
than the imaging plane. For single crystalline solids, electron diffraction produces an 
image pattern comprised of dots and for a polycrystalline or amorphous solid a series of 
rings was produced. SAED pattern is used to decide the interplanar distances (d-spacing) 
and thus classify the crystal structure and lattice parameters by quantifying the diameters 
of rings. In the present study, HRTEM (JEOL-JEM-2100 operating at 200 kV or JEM-
3010 operating at 300 kV) and SAED have been used widely to characterize nano-size 
compounds. 
2.4.3.4 TEM Sample Preparation 
Sample preparation is one of the very important aspects of TEM analysis. 
Specimen thickness which is comparable to the mean free path of the electrons that 
travel through the specimen, (few tens of nanometers) will only give the desired 
information from the specimen. The TEM sample for the nano material prepared in this 
study can be quickly prepared by the following steps 1) few milligrams of samples were 
taken in 2 mL of ethanol in a closed vial 2) Sonicated for sufficient time to disperse the 
sample in ethanol 3) Depositing the suspended particles on to a TEM copper grid coated 
with holey-carbon.  
2.4.4 Thermogravimetric Analysis (TGA) 
TGA is an experimental technique that is carried out on samples to determine the 
mass changes as a function of change in temperature or time. Typically it is carried out at 
constant heating rate under desired atmosphere (inert/air/oxidising/reducing).
[5]
 The 
choice of heating rate and atmosphere used in TGA experiments plays a crucial role on 




produces steps in the TGA curve. These curves are known as thermograms. The results 
of a TGA are usually portrayed as weight present versus temperature, alternatively first 
derivative of the TGA curve with respect to temperature also presented known as 
differential thermogravimetric or DTG curve. This curve can be used to notify the 
precise point at which weight loss occurs. In the present work, the TA Instruments (SDT-
2960 Simultaneous DTA-TGA) was used and the experiments were performed at a 
heating rate of 5 
o
C/min, in inert or air atmosphere. 
2.4.5  Elemental Analysis (EA) 
EA is an analytical process, where a sample is examined for its elemental 
constituents and composition. EA can be used to determine what elements are present 
(qualitative), and it can also used to quantify how much of each are present 
(quantitative).
[6]
 The most widespread application of EA, is CHN analysis, which 
determines Carbon, Hydrogen and Nitrogen present in organic/inorganic compound. This 
analysis is carried out using combustion methodology, a sample is burnt in an excess of 
oxygen, and different traps were used to collect the combustion products such as CO2, 
H2O and nitric oxide. The mass of these combustion products can be utilised to calculate 
the composition of the sample of interest. In the present work, the commercial 
instrument, CHNS elemental analyzer (Elementar Vario MICRO CUBE) is used for the 
analysis of selected compounds. 
Metals present in the samples were determined by inductively coupled plasma 
optical emission spectrometry (ICP-OES).
[6]
 This analytical technique relies on the 
emission spectroscopy which uses ICP to create the excited ions and atoms that emit 
electromagnetic radiation at characteristic wavelengths of the element present in the 




present within the sample. In this present work, inductively coupled plasma optical 
emission spectrometer (ICP-OES, Optima 5300 DV) is used. 
2.4.6  Infrared Spectroscopy (IR) 
Infrared spectroscopy gives the information about the bonding and molecular 
structure of a compound.
[7]
 This technique utilizes the fact that molecules absorb definite 
frequencies that are characteristic of their structure. i.e., the absorbed frequency of the 
radiation is equivalent to the frequency of the group or bond that vibrates. These 
frequencies take place in the IR region of the electromagnetic spectrum 4000 - 400 cm
-1
. 
The IR spectrum of a specimen is recorded by passing a beam of IR radiation through the 
specimen. Analysis of the transmitted light discloses the amount of energy absorbed at 
each particular wavelength. This can be executed with a monochromatic beam of 
radiation, which alters in wavelength over time or by means of a Fourier Transform (FT) 
instrument to determine all wavelengths at once. From this absorbance or transmittance 
spectrum can be created which reveal the IR wavelengths that the compound absorbs. In 
the present investigation, mid-infrared spectral studies in the range of 4000 – 400 cm-1 
were carried out using a FT-IR Perkin Elmer 1600 series instrument. Few milligrams of 
the compound was mixed with KBr and then it was pressed to give a translucent sample 
pellets.  
2.5 Coin/Button Cell Fabrication Method 
In order to examine the electrochemical properties of olivine phosphate, titania 
and formate materials, they were incorporated as an electrode in tightly sealed coin or 
button cells. The fabrication of coin cell involves several steps and these steps are 




2.5.1 Electrode Fabrication 
For electrochemical studies, thick slurry of active material, super P carbon black 
and binder (Kynar 2801) was prepared by mixing in the weight ratio 70:15:15 using a 
organic solvent N-methylpyrrolidone (NMP). The thick and uniform slurry was coated 
onto an etched current collector (thickness ~ 10-15 μm) (copper foil for anode and 
aluminium for cathode) by the doctor blade technique. Mixing with the conducting 
carbon provides good inter-particle electronic wiring among the grains of active 
electrode material. The polymer, poly vinylidene di fluoride (PVDF) (Kynar) acts as a 
binder and alleviates the coating to stick well to the current collecting foil. Due to its 
excellent electronic conductivity and non-alloying nature with Li-metal, Copper is 
chosen as the „current collector‟ for the anode application, whereas aluminium foil is 
chosen for the higher voltage application. Slurry coated Al or Cu foil was dried at 110 °C 
in an vacuum oven for 24 h to evaporate the organic solvent (NMP). The dried thick 
films (20-30 μm) of composite electrodes were then pressed between twin rollers (Soei 
Singapore Scientific Quartz Co.) at ~2 MPa pressure to guarantee good adherence of 
electrode materials on to the current collector. The composite electrode is then cut into 
discs of 16 mm diameter and was then dried under vacuum at 80 °C for 6 h in an 
antechamber prior to the insertion into glove box. The active material content in the 
electrode was around 2~2.5 mg. 
2.5.2 Coin Cell Assembly 
The coin-cell fabrication was carried out inside Ar-filled glove-box (MBraun, 
Germany) which maintains < 1 ppm of O2 and H2O. Standard stainless-steel cups and 
lids fitted with a plastic ring are used for the casing (Hohsen Corporation, Japan) of coin 




electrode, Li metal (Kyokuto Metal Co., Japan) foil as counter electrode, glass micro-
fiber sheets (Whatman, UK) or „Celgard 2502‟ polypropylene micro-porous membrane 
as the separator and 1M LiPF6, dissolved in ethylene carbonate (EC) and diethyl 
carbonate (DEC) or dimethyl carbonate (DMC) (1:1 by volume, Merck Selectipur LP40) 
as the Li
+ 
ion conducting electrolyte (electronically insulated). 
 
Figure 2.3 Schematic of coin cell assembly. 
The composite electrode is placed in the centre of the cup which forms the positive 
terminal of the cell and is wetted with a 100 μL of the electrolyte. This is covered with 
the separator that is permeable only to the Li
+ 
ions but it is resistant to particles of the 
material and is an electronic insulator. It is wetted with 100 μL of the electrolyte. 
Circular Li-metal disc of the size 12 mm diameter and ~0.59 mm thick is then placed 
centrally on top of the separator. To guarantee good electrical contact and tight sealing of 
the cell, a steel spring is spot welded to the stainless steel lid which then sits over a Li-
metal disc and forms the negative terminal of the cell. Finally, air tight sealing is done 
with a mechanical hand press (Hohsen Corporation, Japan). A schematic of coin-cell 




The fabricated coin cells were then taken out of the glove box and are aged for 
24 h at ambient atmosphere (in order to provide sufficient percolation of the electrolyte 
into the electrode material) before carrying out any measurements. In the present study, 
half cell configuration (one working electrode and one reference electrode) was 
employed to measure the storage performance of the materials synthesized. 
2.6  Electrochemical Studies  
The Li storage studies were carried out under constant potential or constant 
current conditions. They are known as potentiostatic cycling and galvanostatic, 
respectively. 
2.6.1 Cyclic Voltammetry (CV) 
CV is a potentiodynamic electrochemical measurement and has found widespread 
application in electrochemistry to acquire qualitative and quantitative information 
concerning to the redox potential, electron transfer kinetics and phase transitions that 
may precede the main electrochemical reaction.
[8]
 Diffusion coefficients of species 
taking part in the electrochemical reaction together with the values of equilibrium 
potentials of the electrode reactions can also be found using this method. In a CV, the 
applied potential at a working electrode is ramped in both forward and reverse directions 
at a fixed scan rate (change of potential versus time μVs-1). The electrolytic current (mA) 
flowing through the electrolyte between the electrodes (working and counter) is plotted 
versus the applied potential to provide the cyclic voltammogram trace. The conventional 
voltammograms are recorded between any two voltages V1 and V2 using various 
sweep/scan rate ranging from few mV/s to V/s. Depending on the information acquired, 
the process can be repeated several times. The vital parameters in the CV are the peak 




(anodic)]. If the electron transfer process is fast enough compared with other processes 
like ionic diffusion, the electrochemical reaction is said to be reversible and the 
corresponding peak current is given by the Randles-Sevcik expression at 25°C:  











Where Ip is the peak current in amps, n is the charge transfer number (electrons 
transferred per mole of electroactive species), A is the area of electrode in cm
2
, D is the 




, C is the concentration of electroactive species in mol cm
-3 
and v is the scan rate in Vs
-1
.  
In the present work, the CVs were recorded at a scan rate of 58 μVs-1 employing 
computer controlled VMP3 (Biologic, France) unit at room temperature. 
2.6.2  Galvanostatic Cycling or Constant Current Cycling 
Li storage performance of the electrode material was tested using 
galvanostatic method. This method relies on the principle of voltage – composition 
relationship of an electrochemical cell. The cell voltage changes as a function of the state 
of charge or discharge of the electrode vs Li metal as the counter and reference. In the 
galvanostatic cycling, the discharging and charging are performed at an invariable 
current and the consequential cell voltage is plotted against as a function of time or the 
state of discharge/charge. The shape of the charge/discharge curve is the product of the 
change of the voltage of both electrodes as the overall reaction takes place and current 
rate at which the cell is discharged or charged. 
We have carried out galvanostatic cycling studies on the cells comprised of 
lithium metal phosphates/titania/formates as electrodes with respect to Li-metal as 
reference at ambient temperature (RT = 25 ºC) by computer controlled Arbin battery 




The consequential output of the measurement is in the form of data containing 
charge/discharge step time, voltage variation and overall energy output (charge/discharge 
capacity) in terms of mAh (coulombs) with respect to time for the weight of the active 
material of the electrode. The specific charge/discharge capacity (mAh/g) (and the 
number of moles of Li) can then be calculated from the active material weight and its 
molecular weight. 
The specific theoretical capacity of a electrode material is calculated assuming that all 
the Li
+
 ions (and electrons) per formula unit of the material contribute in the 
electrochemical reaction and is given by the following equation:  
Specific theoretical capacity (mAh/g) = (F×nLi/M×3600) ×1000   --------2.4 
Where, F = Faraday‟s constant (96,496 coulombs per gram equivalent), nLi = number of 
Li
+ 
ions and electrons involving per formula unit of the compound (e.g., nLi = 2 for FeO 
and 4.4 for Sn) and M = molecular weight. 
The theoretical reversible specific capacity of FeO is:  
           (96500×2/71.84×3600) ×1000 = 746 mAh/g 
Assuming, that FeO is reduced to Fe-metal due to „conversion reaction‟ with Li. 
Similarly, the actual amount of Li involved in charge/discharge process is calculated 
from the experimental values of specific capacities. An evaluation of the galvanostatic 
cycling response in terms of the accomplished capacities with the theoretical capacities 





2.6.3 Electrochemical Impedance Spectroscopy (EIS)  
EIS is a useful and non-destructive tool for the evaluation of mechanistic and 
kinetic information of the electrode materials and also used to observe the changes in 
battery properties under different storage and usage conditions
 [9]
 such as 1) analysis of 
state of charge 2) change of active surface during operation 3) separator evaluation etc. 
In EIS, the cell is held at equilibrium at a fixed voltage and a small amplitude ac signal 
(5-10 mV) is overlapped on it. The response of the cell to this perturbation from 
equilibrium is calculated in terms of phase of resultant current and amplitude which then 
provides the overall impedance of the cell. The frequency of the ac signal can be 
changed to study the impedance variation of the cell as a result of frequency. The 
impedance, being a complex quantity, can be characterized as a vector diagram which 
shows the real (Z′, in-phase) and imaginary components (Z", out of phase) of a complex 
system. Such plots at each voltage are entitled as Nyquist plots. The total impedance is 
calculated by the individual impedances of different process which occur during cycling, 
such as: diffusion, electron transfer kinetics, charge transfer impedance, bulk impedance, 
passivating layers, Warburg impedance and intercalation capacitance. The relative 
contributions of these different processes or components change with frequency. For 
example, the electron transfer kinetics dictates at intermediate and high frequency ranges 
(1MHz-1kHz) while diffusion rules in the low frequency range (1kHz–3mHz). 
Therefore, measurements over a vast frequency range are used to differentiate between 
such time-dependent contributions to the overall impedance. Quantitative data were 
acquired from the experimental Nyquist plots by fitting to an equivalent electrical circuit. 
These models (circuits) can be premeditated using the combination of capacitors and 
resistors in parallel or series fashion such that each circuit element match to a component 




spectrum. In case of solution resistance a resistor or a parallel combination of resistor 
and a capacitor may be used. The EIS experiments in the present work were performed 
using the VMP3 coupled with a battery test unit. An ac signal with amplitude of 5 mV is 
used to measure the impedance response over the frequency range varying from 100 
KHz to 5 mHz. Data acquisition and analysis were carried out using the electrochemical 
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Chapter 3. Morphology controlled synthesis of 








3.1 Preface to Chapter 3 
Although, LiFePO4 (LFP) is considered to be a potential cathode material for the 
lithium-ion batteries, its rate performance is significantly restricted by sluggish kinetics 
of electrons and lithium ions. So far, several attempts have been made to improve the 
rate performance of LFP by reducing the grain size and coating conductive materials 
such as carbon or RuO2. In this chapter, a simple solvothermal method has been used to 
synthesize LFP nanoplates. Thickness of the nanoplates has been tailored from 30 to 400 
nm by changing the iron precursor along with uniform carbon coverage at the surfaces 
by selective chelating carbonising source. Due to the fact that Li
+
- ion diffuses along the 
b-axis, solvothermal method was used to control the thickness of nanoplates across the b-
axis. Several nanoplates have been synthesized with various thicknesses along the b-axis, 
among those, nanoplates of LFP with ~30 nm thick b-axis having thin (2 - 5 nm) and 
uniform layer of carbon coating exhibits high storage capacity as well as high rate 
performances. Thus, a favourable morphology for LFP has been achieved via 
solvothermal method for fast insertion/extraction of Li
+
 as compared to spherical 
nanoparticles of carbon coated LFP. Galvanostatic cycling shows a capacity of 167 
mAh/g at 0.1 C rate, with excellent capacity retention of up to 50 cycles. 
**
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3.2 Introduction  
Portable electronic devices are being extensively used with rechargeable LIB. 
Such LIBs have become the dominant power source at the moment, owing to their light 
weight, flexibility in design, high electrochemical potential vs Li
+
/Li (4 V) and superior 
energy density (capable of storing 2-3 times the energy per unit weight and volume as 
compared with conventional rechargeable batteries).
[1]
 This technology is now 
energetically pursued for electric vehicle applications [hybrid electric vehicle (HEV) and 
electric vehicle (EV)], however major challenges in implementing the LIB technology 
for these applications are the safety and environmental concerns arising from the 
currently used toxic and expensive LiCoO2 cathode.
[2]
 Report on olivine based lithium 
iron phosphate (LFP or in short LFP hereafter) by Padhi et al.
[3]
 has attracted immense 
attention for various reasons such as ease of synthesis, low cost, environmentally benign, 
reduced reactivity with electrolytes resulting in very flat plateau potential during 
charge/discharge processes and high theoretical capacities of about 170 mAh/g. Despite 
the above mentioned advantages, the observed electrochemical performances of LFP was 
found to be less impressive at high rates (i.e., storage capacity drops significantly at high 




 Nearly a 
thousand articles have been published in the past decade towards understanding and 
improving the storage performance of this electrochemically potential but insulating 
material. 
In this context, various approaches like reducing the crystallite size,
[5]
 enhancing 
the electron transport in the bulk
[6]
 (by aliovalent substitutions) and the surface 
conductivity
[7]
 (by conductive carbon or metal) have been employed to improve the 
electrochemical performance. However, recent findings on Li
+








transport within the bulk may be as significant as electron 
transport. An elegant ab-initio
[4c, 8]





 ions preferably move along the b-axis rather than along the a- or c-axes in 
the crystals with orthorhombic space group Pnma. A report by Amin et al.
[10]
 on the 
electronic and ionic properties of LFP single crystals pointed out that the Li
+
 ions 
conductivity is nearly four orders of magnitude lower than the electronic conductivity 
along the b- and c-axes and many orders of magnitude lower along the a-axis, implying 
that the mass transport of Li
+
 ions is crucial for improving the kinetic issues. It is the 
intention of this investigation to alter the b-axis thickness for achieving optimal storage 
performance preferably at higher rates and to shed light on the role of lithium diffusion 
during rapid insertion/extraction of Li
+
 ions from the bulk.  
Numerous synthetic strategies have been developed to synthesize LFP, such as 









and ball-milling followed by solid-state reactions.
[19]
 Even though the solid-state 
reactions are universally recognised as a useful methodology to prepare LFP, the 
drawback associated with this method is that this approach suffers from unavoidable 
high  energy utilization and polydispersed growth of the grains due to the high 
processing temperatures (generally at 600-900 °C). Solution routes are often more 
desirable than the high temperature solid-state or ceramic route if the nucleation and 
growth phenomena are properly controlled, and the morphology of the products can be 
fine-tuned easily. Among them, solvothermal process is the most promising method and 
it has been proven to be a predominant synthetic approach to prepare LFP. By regulating 
the reaction temperature, aging time, composition of solvents and additives, the phase 






 Selection of appropriate solvent is crucial which determines the phase purity 
of the final product. In the case of hydrothermal synthesis which uses water as solvent, 
the risk of forming Fe-OH precursor to Fe
3+
 impurities in the product increases. The Fe
3+
 
impurities are thought to be liable for the leaching of metal ions of the electrodes in the 
electrolyte via their reduction products.
[14c, 21]
 The non-aqueous and viscous ethylene 
glycol is a versatile solvent since it often serves as a high-boiling solvent and a good 
reducing agent; it also prohibits the formation of Fe
3+
 impurities and acts as a stabilizer 
to control the particle growth.
[22]
 Until now, morphology especially thickness controlled 
synthesis of monocrystalline LFP nanoplates has hardly been reported in the literature, 
due to its complex nature. The current study forms part of the on-going efforts to control 
the b-axis thickness and investigate associated electrochemical performance of LFP 
nanoplates for LIB applications. Here, we present a simple solvothermal method to 
synthesize LFP nanoplates with varied thickness along the b-direction with a uniform 
exterior carbon coating to enhance the electronic wiring among the neighboring particles 
to achieve high rate performances.
 
Our systematic investigations into the effects of iron 
precursor and solvent on the particle morphology, especially at the b-axis thickness and 
resulting electrochemical reactivity of the LFP nanoplates will be discussed in this 
chapter.
 
3.3 Experimental Section 
All the solvents and chemicals were commercially available and were used as 
received unless otherwise stated. 
3.3.1 Synthesis of LFP Nanoplates 
Carbon coated nanoplates of LFP were synthesized using solvothermal method.
 




precursor (Fe(oxalate), Fe(acac)3,(acac = Acetylacetonate) Fe-(PMIDA)
[23]
 (PMIDA = 
N-(Phosphonomethyl)iminodiacetic acid) or Fe(gluconate)2 and D-gluconic acid lactone 
(C6H10O6, Aldrich) in 1:1:2 millimolar ratio were taken in a 40 mL teflon lined stainless 
steel reaction vessel. 25 mL of ethylene glycol was added as solvent and the vessel was 
sealed tightly. The mixture was autoclaved at 270 °C for 10 h in an oven and then it was 
allowed to cool down to ambient temperature. The black precipitate obtained was 
washed several times with ethanol and dried. Here, D-gluconic acid lactone acts as a 
carbon source to provide a uniform carbon coating on LFP particles. The synthesized 
LFP/C was annealed at 450 °C for 4 h in Ar-H2 (95:5) atmosphere in order to carbonize 
the gluconic acid lactone completely, and to increase the crystallinity of the LFP samples 
before checking for the electrochemical performance. 
3.3.2 Structural and Electrochemical Characterization 
X-ray powder diffraction (PXRD) patterns were obtained using a D5005 Bruker 
X-ray diffractometer equipped with Cu Kα radiation. The accelerating voltage and 
current were 40 kV and 40 mA, respectively. A scan speed of 0.015 °/s was used to 
record the PXRD patterns. Lattice parameters were obtained using TOPAS-R software 
(version 2.1). SEM images were taken after platinum coating using a Jeol JSM-6700F 
field emission scanning electron microscope operated at 5 kV and 10 mA and high 
resolution transmission electron microscopy (JEOL JEM-2010) was used to study the 
morphology and the carbon layer thickness of the LFP/C nanoplates. Details of 
electrochemical characterization have been described previously in the chapter 2. 
3.4 Results and Discussion  
We have employed various synthetic routes to synthesize LFP such as sol-gel,
 




and hydrothermal method. Ceramic routes resulted in the LFP in bulk form due to the 
high temperature involved in it, in addition to that these methods offer poor control over 
the particle morphology. 
 
Figure 3.1 Synthetic routes used to synthesize LFP. 
 
Thermal decomposition of iron precursor with LiH2PO4 at 300-350 °C in presence of 
various surfactants like oleic acid, oleyl amine, dioctyl amine, lauric acid and palmitic 
acid resulted only in amorphous products. Further annealing (600 °C for 6h) of these 
amorphous materials in Ar-H2 (95:5) atmosphere resulted in pure phase LFP but in the 
bulk form with random size and shape. Hydrothermal method used relatively less 
temperature (180-200 °C) but unfortunately it also produced α-Fe2O3 impurity in small 
amount (less than 5%) though it was not detected by PXRD pattern, unusual orange color 




 present in the 




in water. α-Fe2O3 formed during the synthesis was detrimental for the electrochemical 
performance of LFP. In order to maintain the oxidation state of Fe
2+
 throughout the 
reaction, it is mandatory to use a reducing solvent. Therefore, we switched to ethylene 
glycol solvent instead of water. This solvothermal process is a versatile chemical 
approach,
[25]
 which has been successfully used to prepare a wide variety of 
nanostructured metals
[26]
 and metal oxides.
[27]
 In particular ethylene glycol (EG) has 
been found to be an attractive solvent because of its special physical and chemical 
properties. High permittivity of EG enables it to dissolve highly polar inorganic and 







 and its strong chelating ability makes it easy to form complexes with transition 
metal ions by using its hydroxyl groups as ligand therefore it can act as a high-boiling 
solvent, a reducing agent, and a stabilizer to control particle growth.
[28]
 
3.4.1 Structural Characterization 
 
Figure 3.2 Structures of lipscombite, Fe1.33PO4OH, (a) and olivine (b), LFP, are 









There are numerous iron phosphates available in nature.
[12j]
 The thrust to their 
recent interest is due to the reversible intercalation of Li
+
 ion in the olivine structure.
[3]
 In 
nature, olivine phosphate exists as mixed manganese/iron compound, Li(MnFe)PO4. 
Several other iron phosphates namely giniite, lipscombite, strengite and phosphosiderite 
were also found in nature, and most of them exhibit redox behavior. Fig. 3.2 shows the 
structural similarities between orthorhombic structures of LFP with the tetragonal 
structure of lipscombite. The orthorhombic crystal structure of LFP is well known, it 
contains distorted octahedra of FeO6, LiO6 and PO4 tetrahedra; spatial arrangement of 
these octahedrons give rise to a one-dimensional tunnels through which the lithium ions 
can migrate.
[12a]
 In contrast, de-intercalated FePO4 does not exist in nature. It has a 
similar structure with heterosite mixed metal phosphate (Fe0.65Mn0.35PO4). Intriguingly, 
the phosphate tetrahedra in FePO4 becomes more symmetric when compared with LFP, 
but lesser than the mixed phosphate, LiFe0.65Mn0.35PO4 in nature.
[12a]
 In the olivine LFP, 
the FeO6 and LiO6 octahedra are linked to form the tunnel structure which is shown in 
Fig. 3.2. Tunnels exists along the b-axis; however they are not connected therefore the 
Li
+
 ions present in the tunnels cannot easily jump from one tunnel to another. 
Consequently, the Li
+
 ion diffusion here is one-dimensional whereas in the lipscombite 
tunnels are present in both directions Fig. 3.2. This strongly suggests that any obstacle in 
the tunnels of the olivine structure will be detrimental to the migration of the lithium ions 
as well as to the electrochemical properties.
[29]
 Synthetic conditions have strong 
influence on the tunnel blockage or anti site disorder (Fe present in the Li sites). Most of 
the low temperature (< 160 °C) synthetic methods offer the anti site disorder LFP.
[29]
 
This is true for aliovalent doping in olivine structure. Therefore, one has to seek for the 





Figure 3.3 PXRD patterns of the LFP/C nanoplates synthesised from various iron 
precursors (a) Fe(oxalate) (b) Fe(acac)3, (c) Fe-PMIDA, (d) Fe(gluconate)2 and (e) LFP- 
JCPDS standard. Arrows indicate the peaks corresponding to the reflections [200] and 
[020] respectively. 
 
The PXRD pattern of the LFP/C synthesised from various iron precursors are 
shown in Fig. 3.3. The PXRD pattern clearly shows the single-phase formation of LFP 
without any observable impurity phases (such as Li3PO4, Li3Fe2(PO4)3 or conductive 




patterns could be indexed to an orthorhombic space group Pnma (JCPDS Card No: 83-
2092). The obtained lattice parameters are (a) a-10.3317 Å, b-6.0083 Å, c-4.6946 Å; (b) 
a-10.2927 Å, b-5.9618 Å, c-4.6651 Å; (c) a-10.3420 Å, b-6.0162 Å, c-4.7000 Å and (d) 
a-10.2652 Å, b-5.9445 Å, c-4.6995 Å for the various LFP/C from different iron 
precursors (a) Fe(oxalate) (b) Fe(acac)3, (c) Fe-PMIDA and (d) Fe(gluconate)2, 
respectively. These values are well comparable with those reported earlier in the 
literature.
[30]
 There is no evidence in the PXRD pattern for the presence of crystalline or 
amorphous carbon, though it is present as a thin layer coated on the LFP (see later TEM 
images). Another important characteristic of the PXRD pattern of the LFP/C synthesised 
in the present study is the intensity ratio of I[200]/I[020] peak. Kanumara et al.
[12e]
 have 
suggested that if the intensity of [200] peak is stronger than the [020] peak, needle 
shaped crystal morphology can be seen whereas, if the intensity of [020] peak is higher 
than the [200] peak, platelet-type structure will be observed. Fig. 3.2 confirms that all 
LFP synthesised in the present study from various iron sources exhibit intense [020] 
peaks as compared with [200] peaks (shown by arrows) and this suggests that the LFP/C 
has possibly a plate-like morphology. 
3.4.2 XPS Studies  
XPS is a well-suited non-destructive technique for the evaluation of valence 
states of the metal/non-metal ions, and extensively used in the characterization of 
cathode materials.
[11c, 31]
 The core level spectra for Li 1s, Fe 2p, P 2p and O 1s for the 
LFP/C are shown in Fig. 3.4a-3.4d and the corresponding  binding energies (BE) for Li 
1s: 55.58 eV, Fe 2P: 710.60 (2p3/2) and 724.3 (2P1/2), P 1p : 133.46 eV and O1s: 531.36 




eV, which is in good agreement with the values reported for LFP
 [31b, 32]





Figure 3.4 XPS spectra of the LFP/C nanoplates. 
 
The XPS spectrum of Fe 2p3/2 in Fig. 3.4b shows BE of 710.6 (0.2) eV which matches 
well with the BE of Fe
2+
 in LFP. 
[31b, 32]
 Due to the multiple splitting of the energy levels, 
Fe-ion gives rise to a satellite peak around 727.29 eV. The P 2p peak (Fig. 3.4c) shows 
BE of 133.46 ( 0.1) eV which is characteristic of the tetrahedral PO4 group.
[31b, 32] 
The 
single peak (Fig. 3.4d) for O 1s with a BE of 531.36 eV can be assigned to the oxygen 
predominantly bonded to the Fe ions in the lattice. The BE values observed here compare 






3.4.3 Raman Characterisation  
 
Figure 3.5 Raman spectrum of the LFP/C nanoplate. 
 
Raman spectroscopy is a predominantly used tool for analysing the coated carbon 
on the near-surface especially at D and G bands of carbon.
[33]
 Fig. 3.5 shows a 
characteristic Raman spectrum of LFP/C nanoplates synthesised by solvothermal 
method. A small band appears at 940 cm
−1
 which is attributed to the symmetric 
stretching mode of PO4
3−
 anion in LFP. Two broad and strong bands situated at 1378 and 
1592 cm
−1
 are designated to the D (disordered) and G (graphene) bands of the residual 
carbon coated on the LFP nanoplates respectively.
[34]
 Raman spectra of the LFP/C 
nanoplates are consistent with the earlier reports. The relative intensity ratio between the 




 carbon in the sample, in 
addition to the extent of carbon disorder in microcrystalline graphite. Doeff et al.
[35]
 
reported that increased amounts of sp
2




enhance the electronic conductivity leading to the good discharge capacities and superior 
rate capability of LFP cathodes. The ID/IG ratios of the LFP nanoplates were found to be 
0.781, this shows the larger amount of graphene clusters than the disordered carbon 
structure, which in turn facilitates a better cell performance of LFP/C nanoplates. 
3.4.4 FT-IR Studies  
 
Figure 3.6 FT-IR spectrum of the LFP/C nanoplate. 
 
FT-IR technique is a perceptive tool that is used to explore the local 
environment in the LFP/C.
[19b, 34b, 36]
 Fig. 3.6 shows the FT-IR absorption spectra of 
the LFP/C. Vibrations of LFP are possibly divided into two classes, internal and 
external optical modes.
[37]
 Internal mode originates from the intramolecular vibrations 
of the PO4
3-
 polyanion and this is well located in the 1200-400 cm
-1 
range. External 
optical mode or lattice vibrations occur below the 400 cm
-1
. The internal modes are 
resultant from the fundamental PO4
3-




stretching vibrations are located in the high wave number region (900 -1150 cm
-1
) and 





 In the spectral region of the internal modes of the phosphate 
ion, we have observed ν1 symmetric stretching at 959 cm
-1 and ν3 (triplet) asymmetric 




















some weak intense C-C stretching vibrations were observed. These bands
 
come from the hydrocarbon species resulted from the decomposition of gluconic acid 
lactone. Our observed stretching frequencies are consistent with those reported earlier 
in the literature. 
[19b, 34b, 36]
 
3.4.5 Morphological Characterisation  
Fig. 3.7 depicts the FESEM images of LFP/C synthesised from various iron 
precursors. When iron oxalate was used in solvothermal synthesis, hierarchical self-
assembled LFP nanoplates were formed. Fig. 3.7a is the lower magnification image of 
elliptical shaped compressed spheres of LFP nanoplates aligned in parallel. Size of these 
elliptical spheres is around 4-6 µm. From the higher magnification FESEM image 
(Fig.3.7b), it is clear that the length of the hierarchical-LFP nanoplates was not uniform 
and they are in the range of 2-3 µm. Thickness of the LFP plates was found to be around 
30-40 nm. The breadth of the nanoplates was difficult to measure using SEM because of 
the parallel alignment of the nanoplates. When the precursor was changed to Fe(acac)3, 
the morphology of the as-synthesized LFP changed to spindle-like shape which is shown 
in Fig. 3.7c. Higher magnification image (Fig. 3.7d) clearly reveal strong aggregation of 
the very thin nanoplates (less than 20 nm thickness) into a spindle like morphology with 





Figure 3.7 FESEM images of LFP/C nanoplates from various precursors at two different 






Lengths of the observed spindles are in the range of 1-1.2 µm. While 1D coordination 
polymer Fe-(PMIDA) was used, thick plate morphology was obtained (Fig. 3.7e, 3.7f) 
and thickness of such plates is in the range of 200-300 nm. Length and width of these 
plates varied widely. The as-synthesised LFP from a Fe(gluconate)2 precursor resulted in 
a diamond shaped microcrystals (Fig. 3.7g, 3.7h). The thickness of the LFP microcrystals 
is not uniform and they were in the range of 300-500 nm. Morphological studies clearly 
revealed that the spindles show smaller thickness (less than 20 nm) when compared to 
other iron precursors followed by hierarchical-LFP, plate–LFP and diamond shaped LFP 
samples. Importance of the plate thickness on the electrochemical performance is 
discussed later. 
 
Figure 3.8 TEM, HRTEM image and SAED of the hierarchical-LFP nanoplates. (a) 
TEM image showing a uniform coverage of amorphous carbon coating around the 
surface of a LFP/C nanoplate, (b) HRTEM image showing nearly 5 nm thick amorphous 
carbon layer around the surface of LFP/C. (c) SAED of the Hierarchical-LFP nanoplates. 
 
From the TEM images of the nanoplates obtained from the solvothermal method 
using Fe(oxalate) shown in Fig. 3.8a, it is clear that a uniform carbon coating with a 
thickness of ~5 nm is present on the surfaces of the LFP nanoplates. HRTEM image 
(Fig. 3.8b) of hierarchical-LFP exhibits clear lattice fringes indicating single crystallinity 




corresponds to (201) plane of LFP. Fig. 3.8c confirms that these self-assembled 
nanoplates are indeed in pure crystalline phase, and the SAED is consistent with PXRD 
data shown in Fig. 3.3. 
3.4.6 Possible formation mechanism of self assembled LFP nanoplates 
In order to understand of the formation mechanism of hierarchical self-assembled 
LFP nanoplates, various time dependent experiments were carried out. Products obtained 
at regular time intervals were analyzed using FESEM (Fig. 3.9). Obviously, reaction 
duration has significant effect on the morphology of the product. As observed from the 
FESEM images, three possible formation stages could be recognized.  
 
Figure 3.9 FESEM images of hierarchical-LFP at various time intervals (a) 1 h (b) 3 h 





Fig. 3.9a shows the early stage formation of nanoparticles and nanoplates within 1 h and 
as time progresses, the preformed nanoparticles dissolve and re-crystallize to form the 
loose assembly of nanoplates due to the directing ability of ethylene glycol (EG)
[39]
 at 3 h 
(Fig. 3.9b). With further time progression to 6 h, self-assembly of the nano plates 
becomes rigid and more regular (Fig. 3.9c).
 
At the end of the reaction, the aggregates of 
the nanoplates grew continuously and attains maximum diameter of around 4-6 µm 
(around 10 h) and finally the nanoplates were assembled perfectly (Fig. 3.9d).  
3.4.7 Effect of Solvent  
 
Figure 3.10 FESEM images of the LFP synthesised in water as a solvent at two different 
magnifications. 
 
Solvent also plays a crucial role on the morphology of LFP. We have indeed 
found that only micro rods (Fig. 3.10a,b) were obtained instead of nano plates when H2O 
was used as solvent instead of EG. This clearly shows the significance of EG in the 
formation of LFP nanoplates and its hierarchical assembly. Unique physical and 
chemical properties of ethylene glycol, such as viscosity, chelation and vapor pressure 
resulted in the crystal growth of LFP. Hydrogen bonding in EG molecules helps them to 
exist in long chains.
[39]




may assist nucleation and growth of LFP. Special chelating ability of the glycol makes it 
not only a solvent but also performs the role of a soft template to assemble the 
nanoplates to elliptical superstructures. 
3.4.8 Optimization of Carbon Coating  
 
Figure 3.11 TEM images of LFP synthesised from various carbon coating source. (a,b) 
gluconic acid lactone, (c) CTAB (d) sugar and (e) palmitic acid. 
 
An ultimate cathode material for lithium-ion battery should be a mixed conductor 
of both lithium ions and electrons. However, the olivine iron phosphate is an insulator 
for both these charge carriers. Carbon coating on the surface of the LFP is a widely 
accepted method to improve the electronic properties.
[7c-e, 7g-i, 11b, 13b, 18a, 20a, 40]
 However, it 




inefficient leading to poor storage performance, due to the improper surface coverage of 
carbon on the LFP. This discontinuous coating of carbon was filled with a thin layer of 
RuO2 resulting in a high rate performance.
[40b]
 However, RuO2 coatings may or may not 
be economical for practical applications. In this perspective, it is worth exploring the 
possibility of establishing a continuous layer of inexpensive conductive carbon on the 
LFP. It is interesting to note that the present approach using solvothermal synthesis 
allows us to coat carbon uniformly throughout the LFP by selecting an appropriate 
carbonizing agent. We choose the gluconic acid lactone as our in-situ carbon coating 
agent. Gluconic acid, which is the decomposition product of the lactone, has a very 
strong chelating ability for iron in the reaction mixture
[41]
 and therefore it gets adsorbed 
on the entire surface of LFP converting to a uniform amorphous carbon layer during the 
reaction. The other commonly used carbon coating agents lack in forming strong 
coordination bond to iron under these conditions, therefore they result in the 
discontinuous or irregular carbon coating as shown in the TEM images in Fig. 3.11c, 
3.11d and 3.11e. Since a uniform carbon coating is essential for maximizing the capacity 
utilization of the LFP/C composite and in this context gluconic acid lactone seems to be 
the best. 
3.4.9 Electrochemical Properties 
3.4.9.1 Galvanostatic Cycling 
The galvanostatic charge/discharge curves of various LFP/C versus Li metal, 
cycled between the voltage window of 2.3 – 4.3 V up to 50 cycles at 0.1 C rate (1 C = 
170 mA/g) are shown in Fig. 3.12. All LFP/C electrodes demonstrated a single 
charge/discharge plateau around 3.45 V and 3.39 V vs Li/Li
+
, suggesting a simple 




LiFePO4 xFePO4 + (1-x)LiFePO4 + xLi
+ +xe- ......... (1)
 
Figure 3.12 Galvanostatic charge/discharge cycling curves of LFP/C (a) hierarchical (b) 
spindle (c) plate and (d) diamond shaped LFP/C. Current density of 17 mA/g (1 C refers 
to a capacity of 170 mA/g in one hour), potential window 2.3–4.3 V, recorded at room 
temperature. 
 
During the first-charge (Li-deintercalation) process, the voltage is increased sharply to 
3.45 V from the open circuit voltage (OCV ~2.9 V) followed by a long flat plateau 
(Fig. 3.12a) and then gradually increased to the cut-off voltage resulting in a storage 
capacity of 167 mAh/g (which is quite close to the theoretical value of 170 mAh/g) for 
hierarchical LFP/C, and 121 mAh/g, 110 mAh/g and 82 mAh/g
 
for spindle, plate and 
diamond shaped LFP/C, respectively at 0.1 C. The discharge curves show a similar bi-




commonly due to the Fe
3+
 impurity (Li3Fe2(PO4)3) found in aqueous synthesis 
methods,
[12f, 42]
 and this was not observed in any of our samples. This observation 
strongly suggests that the LFP/C samples synthesised in this present investigation are 
indeed highly pure and in consistent with the PXRD (Fig. 3). The irreversible capacity 
loss (ICL) between the first charge and discharge reactions is less than 5 mAh/g and the 
columbic efficiency (η) was found to be almost 99 % for the all LFP/C. 
3.4.9.2 Cyclability  
 
Figure 3.13 Capacity vs. cycle number plots of all LFP/C nanoplates. Voltage range 2.3 
- 4.3 V, current rate 17 mA/g. 
 
The capacity retention of the LFP/C electrodes versus cycling number is shown 
in Fig. 3.13, which reveals that all LFP/C samples posses very good cycling stability. 
However, overall storage capacity varies. Hierarchical LFP/C shows the best capacity of 
167 mAh/g up to 50 cycles followed by spindle (121 mAh/g), plate (110 mAh/g) and 




be rated as Hierarchical>Spindle>Plate>Diamond shaped LFPs. As shown in Fig. 3.3, 
these samples do not contain any impurity phases and differ only in their plate thickness 
and crystal texture, which has a strong impact on the storage performance. 
 
Figure 3.14 (a) TEM image of the hierarchical LFP/C plate with a and c directions 
indicated, and (b) the SAED pattern of the nanoplate. 
 
In order to understand the trend of crystal orientations of the LFP/C nanoplates 
on the storage performances, TEM and SAED analyses were carried out on the best 
performed hierarchical LFP/C sample and the results are shown in Fig. 3.14. The SAED 
pattern viewed along [010] was similar to that reported earlier by Chen et al.
[43]
 and this 
reveals that the plate is a single crystal with the b-axis along the thinnest direction. The 
c*/a* ratio is found to be 2.20 from the SAED, identical to the a/c ratio of a LFP crystal 
with a - 10.334 Å, b - 6.002 Å and c - 4.695 Å. The large face of the plate (Fig. 3.14a) 
lies in the ac plane, while viewed along the b-direction.
[43]
 These results complement 
those obtained from the PXRD patterns (Fig. 3.3). 
In the case of olivine LFP, bi-phasic phase transition takes place during insertion 
and extraction of Li
+




movement might occur within the nanoplates and hence the rate of phase-boundary 
movement is significantly affected by the plate thickness and shape. We assume that, Li
+
 





 Therefore, the bi-phasic reaction rate of LFP can 
be enhanced by reducing the crystal dimension along the b–axis since it is normal to ac 
plane and is the most facile pathway for lithium ion conduction (along the [010] 
channel). 
 
Figure 3.15 TEM images of spindle LFP at two different magnifications. 
 
As from the discussion and Fig. 3.7c and 3.7d it is expected, that the spindle 
shaped LFP/C should exhibit higher storage performance due to its smallest plate 
thickness of less than 20 nm. However, hierarchical LFP/C displays excellent cycling 
stability with negligible capacity fading during charge/discharge cycling. The clue for 
this unexpected storage behaviour was obtained from TEM images of spindle-type LFP 
shown in Fig. 3.15, where the thin plates are strongly agglomerated. Poor 
electrochemical performance of spindle-type LFP/C is attributed to the strong 
agglomeration of the nanoplates which prevents the access of liquid electrolyte to the 




nanoplates during the fabrication of the composite electrodes is found to be 
inhomogeneous. Only the peripheral plates of the spindle was actively involved in 
insertion/extraction of Li
+
 ions, while the core of the spindle-type LFP/C is almost 
inactive, resulting in a moderate storage behaviour.  
3.4.9.3 High rate Performance 
 
Figure 3.16 Hierarchical LFP/C (a) rate capability (b) charge/discharge voltage profiles 
at various C rates. 
 
High rate performance is one of the significant electrochemical aspects of the 
lithium-ion batteries for high power applications (HEV and EV).
[44]
 Excellent 
electrochemical performance of hierarchical LFP/C at 0.1 C rate motivated us to test the 
storage behaviour at high rates. The rate capability of hierarchical LFP/C electrodes was 
evaluated for 10 different charge/discharge current rates corresponding to the „C‟ values 
of 0.1, 0.2, 0.5, 1.3, 2, 5, 8, 10, 20, and 30 C (here 1C = 170 mAg
–1
), in the voltage range 
2.3 to 4.3 V (Fig. 16a). On an average, ten cycles were done at a given rate. As expected, 
the capacity decreases from 165 mAh/g to 46 mAh/g with increasing C-rate from a value 
of 0.1 C (17 mA/g) to 30 C (5100 mA/g) showing a diffusion-limited mass transfer of 
Li
+
 ions between the surface and core of the LFP/C nanoplates. Upon decreasing the 
current from 30 C to 0.1 C, 157 mAh/g which is 95% of the initial capacity was 




charge/discharge voltage profiles of hierarchical LFP/C at various C rates. Upon 
increasing the C rate, it is seen that the polarization of the electrode material increases, 
which is reflected in terms of potential difference between the charge/discharge plateaus 
due to the increase in the IR drop and interfacial charge transfer resistance, thereby 
declining the storage capability of the electrodes. The electrochemical performance at 0.1 
C rate (17 mA/g) during the 40
th
 cycle is much better for nanoplates, synthesized in the 
present investigation than the one reported using hydrothermal method.
[12e] 
While the 
storage performance at high rate is better than those of mesoporous spherical LFP/C 
electrode material with non-uniform carbon coating synthesized by sol-gel method,
[11a, 
11b] 




Comparison of nanoplates from the same precursor 
In order to understand the effect of plate thickness on the electrochemical 
behaviour, we have synthesized the thick nanoplates from the same FeC2O4 precursor by 
increasing the temperature and having longer reaction time. This condition leads to the 
adjacent thin plates to combine to form thicker plates along the b-axis while breakage of 
crystals in the ac plane resulted in a reduction of size in the other two dimensions. We 
studied the charge/discharge cycling of the thicker plates and the plots are shown in Fig. 
3.17c. The thicker plates show higher polarization of about 210 mV ( V) (at 0.5 mol Li
+
 
ions insertion) between two plateaus. The electrochemical performance of the thicker 
nanoplates of LFP was found to be less than 95 mAh/g at a rate of 0.1 C over the voltage 
window 2.5–4.3 V. The cyclic voltammograms (CV) of thin and thick nanoplates of 
LFP/C are shown in Fig. 3.17d and 3.17e respectively. The CV was recorded with Li 





Figure 3.17 FESEM image (a) thick nanoplates (b) thin nanoplates (c) galvanostatic 
charge/discharge cycle of both nanoplates at 0.1 C rate; cyclic voltammograms of 





scan rate of 0.058 mVs
-1
 up to 6 cycles at room temperature. The major anodic/cathodic 
peaks just below 3.67 V are assigned to the Fe
2+/3+
 redox couple/structural 
transformations.
[17b] 
During the first cycle (i.e., Li-deintercalation), the anodic peak is at 
3.66 V (vs Li/Li
+
) whereas the corresponding cathodic peak is at 3.31 V. In the second 
cycle, the anodic peak and the corresponding cathodic peak are unaltered; this infers 
good reversibility of the LFP/C thin nanoplates. The hysteresis (V = the difference 
between the 5
th
 anodic and cathodic peak voltages) for thin nanoplates is found to be 
0.18 V whereas for the thick plates, huge hysteresis (V) of 0.67 V was observed similar 
to the hysteresis reflected in the galvanostatic cycling of thin and thick plates (Fig. 
3.17c). These results reiterate the importance of reducing the thickness along the b-axis 
to maximize facile insertion/extraction of Li
+
 ions. Thin plates (30-40 nm along b-axis) 
of LFP exhibit excellent storage performance with less polarization. 
3.5 Conclusions 
In summary, we have synthesised LFP using simple solvothermal route with 
different morphologies such as hierarchical nanoplates, spindle shape, thick plates and 
diamond shaped microcrystals by simply altering the Fe precursor. We found that 
gluconic acid lactone is the suitable carbonising agent to decorate the exterior with 
continuous conductive carbon coating. This provides connectivity for facile electron 
diffusion, resulting in high rate performances. The electrochemical evaluation of this 
various LFP/C showed that the hierarchical LFP/C nanoplates exhibited high and stable 
cycle performance of 165 mAh/g at 0.1 C and 46 mAh/g at 30 C up to 50 cycles when 
compared to other morphologies. Increasing the size of the nanoplates results in poor 
lithium storage performance. Controlling the morphology of the electrode materials thus 
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Chapter 4. Solvothermal synthesis and 
characterization of Li(MnxFe1-x)PO4/C (x = 








4.1 Preface to Chapter 4 
In this chapter we present a simple solvothermal methodology to synthesize 
LMP nanoplates with a plate thickness of approximately 60-80 nm to alleviate the 
kinetics issues. The obtained nanoplates were well characterized by PXRD, SEM, and 
HRTEM techniques. The reaction condition was found to be crucial on the obtained 
morphology of the LMP. Carbon, silver, gold and copper have been coated on the 
LMP nanoplates to improve their intrinsic electronic conductivity. However, the 
electrochemical activity of the metal coated LMP nanoplates was found to be minimal 
due to the lack of continuous wiring for electronic conduction. Therefore, these 
nanoplates were substituted with Fe
2+
 ion in the following composition 
[LiMnxFe1−xPO4 (x = 0.5 and 0.75)]. These solid solutions showed excellent storage 
performance compared to the pure LMP. Especially LiMn0.5Fe0.5PO4/C nanoplate 
exhibited reversible capacity of 153, 121, 91 and 31 mAh/g and at 0.02, 0.1, 5 and 18 
C respectively. In addition, LiMn0.5Fe0.5PO4/C also demonstrated the stable long term 
cycling capacity of 103 mAh/g at 2 C rate for upto 1000 cycle for the first time.  
**
 
Work described in this Chapter has been published /presented in the following 
journal /conference:  
1) 4th MRS-S Conference on Advanced Materials, 17 - 19 March, 2010 IMRE  
          Singapore. 




4.2 Introduction  
The olivine based phosphate family (LiMPO4, M = Fe, Mn, Co, or Ni) has been 
recognized as potential cathode materials for rechargeable LIBs.
[1]
 Among these, 
LiFePO4 was found to be the most promising material due to its salient inherent 
properties like low cost, environmentally benign nature, reduced reactivity with 
electrolytes resulting in very flat potentials during charge–discharge processes and high 
theoretical capacity of 170 mAh/g.
[1a-c, 2]
 These features led to the intensive research on 
the battery development for the PHEVs and zero-emission full-electric vehicles.
[3]
 





 However, these shortcoming can be easily surmounted when nanoparticles of 
LFP with conductive wiring are employed.
[4a, 5]
  
On the other hand, LiMnPO4 is an excellent and much more exciting cathode 
material for LIBs than LiFePO4 due to its superior redox potential with flat plateau at 4.1 
V vs Li/Li
+
 compared to LiFePO4 which has redox potential at 3.45 V.
[6]
 This potential 
for LiMnPO4 is comparable to the commercial 4 V class cathodes such as spinel 
LiMn2O4 and layered LiCoO2. The theoretical energy density (171 mAh/g × 4.1 V = 701 
Wh/kg) is also 1.2 times greater than that of LiFePO4 (170 mAh/g × 3.45 V = 586.5 
Wh/kg). In addition to this, LiMnPO4 is compatible with the well recognized organic 
electrolytes such as ethylene carbonate (EC), propylene carbonate (PC) and 
dimethoxyethane (DME).
[1d, 6d, 7]
 In contrast to a number of studies on the 
electrochemical properties of LiFePO4, LMP has been much less explored due to its 
strong polarons,
[8]
 instability of charged phase (MnPO4),
[9]





 (in the charged state), huge volumetric change between LiMnPO4 and 
MnPO4 during intercalation/de-intercalation (ca.10%)
[11]




conductivity (2.7 X 10
−9
 S/cm at 300°C this value is ∼108 times lower than the LiFePO4 
reported earlier).
[4a, 12]





 and Okada et al.
[14]
 demonstrated that the extraction of lithium from LMP is 
only negligible. This electrochemical inactiveness of the LMP was improved 





 sol–gel methods,[7a, 17] solid state reactions,[17a, 18] hydrothermal 
methods,
[1d, 19]
 spray pyrolysis with wet ballmilling
[20]
 and off-stoichiometry methods.
[21]
 
However, the use of LiMnPO4 as a commercial cathode for LIBs remains as a challenge 
until now. Only few reports have documented discharge capacity above 130 mAh/g at 
0.1 C which is about 76 % of the theoretical value of 171 mAh/g.
[6c, 7b, 17c, 20b, 22]
 
Therefore, in this work we aimed to improve the electrochemical activity of LMP at high 
rates by overcoming the inherent limitations cited above. Since the electrochemical 
behaviour of LMP greatly depends on the synthetic methods employed, we intend to 
employ the solvothermal synthesis which has been used successfully earlier to prepare 
morphology controlled LFP nanoplates. In this present study, we have described the 
synthesis of LMP nanoplates by solvothermal method and results of our investigation in 
carbon and metallic coatings as well as partial substitution with Fe
2+
 to enhance the 
electrochemical storage performance of LMP. 
4.3 Experimental section 
All the solvents and chemicals were commercially available and were used as 
received unless otherwise stated. 
4.3.1 Synthesis of LiMnPO4 nanoplates 
Carbon coated nanoplates of LiMnPO4 were synthesized by solvothermal 
method.
[23] 




Aldrich), manganese precursor MnCO3, or Mn(OAc)2.4H2O and D-gluconic acid lactone 
(C6H10O6, Aldrich) in 1:1:2 millimolar ratio were taken in a 40 mL teflon lined stainless 
steel reaction vessel. 25 mL of ethylene glycol was added as solvent and the vessel was 
sealed tightly. The mixture was then autoclaved in an oven at various temperatures in the 
range 250-315
o
C for 3-16 h based on the Mn precursor used and then it was allowed to 
cool down to ambient temperature. The black precipitate obtained was washed several 
times with ethanol and then dried in air. Here, D-gluconic acid lactone acts as a carbon 
source to provide a uniform carbon coating on LMP particles. The synthesized LMP/C 
was annealed at 450 °C for 4 h in an Ar atmosphere in order to carbonize the gluconic 
acid lactone completely, and to increase the crystallinity of the LiMnPO4 samples before 
checking for the electrochemical performance. 
4.3.2 Synthesis of LiMnxFe1−xPO4 (x = 0.5 and 0.75) nanoplates 
Under similar conditions, Fe(oxalate) and MnCO3 were used to synthesize the 
solid solution of LiMnxFe1−xPO4 (x = 0.5 and 0.75).  
4.3.3 Structural and Electrochemical Characterization 
Details of structural and electrochemical characterization have been described 




4.4 Results and discussion  
 
Figure 4.1 PXRD pattern of the LMP/C nanoplates synthesized by solvothermal method. 
(Red – measured, Blue – Calculated, Black – Difference) 
 
X-ray powder diffraction (PXRD) was used to characterize the crystalline phase 
formation of LiMnPO4 synthesized by solvothermal method. It is clear from the PXRD 
pattern (Fig. 4.1) that olivine-type LiMnPO4 phase was formed devoid of any impurity. 
No featured peaks of other possible impurities such as (Li3PO4 (JCPDS 25-1030), 
Mn2P2O7 (JCPDS 35-1497) and MnO (JCPDS 78-424).) was observed.
[24]
 All the peaks 
in the PXRD pattern were indexed to an ordered olivine orthorhombic structure with the 
space group Pnmb (JCPDS Card No 33-0803). The lattice parameters obtained for this 
LiMnPO4 nanoplates are: a = 6.104 Å, b = 10.456 Å and c = 4.752 Å; These values 
compare well with those reported in the literature.
[6c, 18a, 25]
 
We have employed two different Mn precursors (MnCO3 and Mn(OAc)2) to synthesize 
LMP. In addition to that, several control experiments have also been carried out to 
establish the factors that govern the formation of LMP nanoplates from the precursors: 




4.5 MnCO3 precursor 
4.5.1 Effect of Temperature and Time 
 
Figure 4.2 PXRD patterns of LMP/C nanoplates synthesized at different temperatures 
(a) LMP- JCPDS standard (Card No 33-0803),(b) 250 °C (c) 270 °C and (d) 290 °C. 
 
Fig. 4.2 shows the PXRD pattern of the powders synthesized at different 
temperatures. Li3PO4 and several other impurities were formed along with the partly 
crystallized olivine phase when the temperature used for the synthesis was below 290 °C 
(Fig. 4.2c and d). Pure phase is observed only when the temperature was 290 °C or 
higher (Fig. 4.2b).  
Fig. 4.3 presents the FESEM images of LMP synthesized at various temperatures 
and time duration. Powders obtained at 250 °C exhibit (Fig. 4.3a) very thin sheet-like, 
randomly oriented architectures of LMP with size ranging from 1-1.5 μm in length. The 
higher magnification FESEM image (Fig. 4.3b) shows the thickness of this sheet to be 






Figure 4.3 FESEM images of LMP nanoplates synthesized are shown at two different 
magnifications (a, b) 250 °C (c, d) 290 °C for 10 h (e, f) 250 °C for 15 h. 
 
Upon increasing the temperature, randomly oriented thin sheets fused to form a plate 




significant effect on the plate thickness. The plate thickness almost doubled to 100 nm 
when the reaction duration was increased to 15 h (Fig. 4.3 e, f). This strongly suggests 
that the reaction temperature and time play a vital role in the purity and thickness of 
LMP nano plates. 
4.5.2 Effect of concentration  
 
Figure 4.4 PXRD patterns and FESEM images of the LMP synthesized at different Mn
2+
 
moles. (a) LMP-JCPDS standard (Card No 33-0803), (b) 2.2 x 10
-3
 moles, (c) 8.7 x 10
-4
 
moles and (d) 2.2 x 10
-4
 moles. * refers to the impurities. (e) and (f) SEM images of the 
product obtained at 8.7 x 10
-4
 moles and 2.2 x 10
-4
 moles respectively. 
 
The stoichiometric ratio between Li, Mn and PO4 was maintained at (1:1:1). Pure 
phase of LMP was observed when the Mn
2+
precursor concentration is around 2.2 x 10
-3
 
moles (Fig. 4.4 b), maintaining Mn precursor concentration below this concentration 
resulted in a partly crystallized olivine phase with several impurities (Fig. 4.4 c, d). In 
addition, the morphology was found to change completely from plate type to irregular 
shapes (Fig. 4.4 e, f). This observation clearly reveals that the concentration of the 





4.5.3 Conductive wiring on the LMP nanoplates  
The most severe constraint of LMP to be a superior 4 V cathode material is its 









 at 25 °C).
[4a, 4b]
 In order to achieve superior electrochemical performance it is 
mandatory to have good conductive wiring among the nanoplates. This electronic wiring 
must be permeable to Li ions and efficient in transferring the electrons from the plate 
surface to the corresponding reservoir (current collector). In the present investigation we 
have used carbon, silver and gold coating to improve the electronic conductivity of the 
synthesized LMP nanoplates.  
4.5.3.1 Carbon coating  
From our previous experience in coating of LFP nanoplates with carbon, we have 
selected GAL (gluconic acid lactone) as our carbonizing agent.
[23]
 To find out the 
optimum GAL ratio to prepare pure phase LMP the stoichiometric ratio of GAL to the 
Mn precursor was varied (Mn:GAL 1:2, 1:3 and 1:5). Pure olivine phase was observed 
only when the ratio was maintained at 1:2 and beyond this ratio, impurities started to 
form (Fig. 4.5 c, d). The plate type morphology of LMP was not found to be altered as 
shown in Fig. 4.5e, f by the ratio of GAL used. Fig. 4.5 (g-j) presents the TEM, HRTEM 
and SAED images of the nanoplates obtained from the solvothermal method using 
MnCO3 as a Mn source with Mn to GAL ratio is 1:2. Fig. 4.5 (g and h) shows the 
uniform carbon coating with a thickness of 3-5 nm that is present on the surface of LMP 
nanoplates. The HRTEM image (Fig. 4.5 i) of LMP exhibits clear lattice fringes, 





Figure 4.5 PXRD patterns of LMP synthesised at different Mn to GAL ratio, (a) LMP- 
JCPDS standard (Card No 33-0803), (b) 1:2 (c) 1:3 (d) 1:5 (e,f) FESEM image of  (c) 




The observed width, 3.04 Å, of neighbouring lattice fringes corresponds to the (200/121) 
plane of LMP. Fig. 4.5i confirms that the LMP nanoplates are indeed a pure crystalline 
phase, and the SAED pattern (Fig. 4.5j) is consistent with the PXRD pattern shown in 
Fig. 4.1and 4.2 a,b. 
In order to enhance the electronic conductivity and also to achieve reasonable 
amount of electrochemical activity from LMP, currently a minimum of 20-40 wt% 
carbon is being used by many researchers.
[99, 102, 241]
 However, the carbon that is used to 
increase the conductivity is electrochemically inactive in the potential window of 2.3 – 
4.5 V. Additionally, carbon has a poor density of 2.2 g cm
−3 
which is only 63 % of the 
density of LMP (3.448 g cm
−3
). Therefore, high carbon percentage will significantly 
decrease the volumetric energy density of LMP rather than the gravimetric energy 
density. For practical purposes, volumetric/gravimetric energy density and rate capability 
are the most essential features of electrode materials. Hence, it is essential to reduce the 
percentage of carbon in LMP/C composites. In case of LFP, earlier reports 
[242]
 have 
confirmed that small amount of 1-5 wt.% silver, gold or copper coating would enhance 
the LiFePO4 performance even at high current rates. Furthermore, the density of gold, 
silver and copper is 19.30 g·cm
−3
, 10.49 g cm
−3
 and 8.94 g·cm
−3 
respectively which are 
much superior to that of carbon. Therefore, it was felt that a small percentage of metal 
coating could enhance the electronic conductivity of LMP greatly without sacrificing the 
energy density.  
4.5.3.2 Silver coating  
Silver nanoparticles coated on the LMP nanoplates were synthesized by the 






 PXRD pattern of the olivine phase was not found to be altered by the coating 
of Ag nanoparticles.  
 
Figure 4.6 Silver coated LMP nanoplates (a-c) TEM and (d) HRTEM images (e-f) Ag 





Due to the low weight percentage used in the synthesis the characteristic peak of 
silver was not observed in the PXRD pattern. Fig. 4.6 presents the TEM and HRTEM 
image of Ag coated LMP nanoplates. The HRTEM image reveals 5 to 10 nm sized Ag 
nanoparticles on top of the LMP nanoplates. HRTEM images of the Ag coated LMP 
shows the lattice spacing for both Ag metal and LMP (Fig. 4.6d). Instead of polyol, when 
a reductant like NaBH4 was used to coat Ag nanoparticles
[28]
 on LMP nanoplates resulted 
only in a partial coating on top surfaces of the plates as shown in Fig. 4.6 e-f. 
4.5.3.3 Gold coating  
 






Under similar polyol reduction condition, K[AuCl4] was used as gold source 
and sodium citrate was added to prevent the growth of the gold nanoparticles.
[27d, 29]
 
However, this procedure was not successful. Gold nano particles were found to be bigger 
in size around 60-100 nm. In addition, it was found that they were not uniformly 
distributed around the LMP nanoplates (Fig. 4.7 a-d).  
 
Figure 4.8 TEM, HRTEM images of gold coated LMP nanoplates by amine reduction. 
 
To surmount this problem, we have used oleic acid and oleyl amine as surfactant and 
mild reducing agent respectively for the synthesis of small Au nanoparticles on top of the 
LMP nanoplate.
[30]
 This procedure resulted in a uniform spherical gold nanoparticles 
with an average size around 10-15 nm and a uniform surface coverage of the LMP 
nanoplates. TEM images show the (Fig. 4.8a-c) distribution of gold nanoparticles around 
the nanoplates. Au nanoparticles were present in most of the places as a group however 




images of the gold coated LMP plates which depict the clear lattice spacing for gold and 
LMP plates.  
4.5.3.4 Copper coating  
Cu coating on top of the LMP nanoplates was not successful by any of the 
method which we used previously. In most of the attempts copper nano particle were 
found to be present outside the LMP nanoplates. 
4.6 Mn(OAc)2 precursor 
4.6.1 Effect of Temperature and Time 
 
Figure 4.9 PXRD patterns of the LMP synthesized from Mn(OAc)2 at various 
temperatures and time (a) 250 °C and (b) 290 °C. The symbol * refers to impurities. 
 
Fig. 4.9 a, b shows the PXRD pattern of the products obtained at 250 and 290 °C 
for different time durations (8-12 h). PXRD pattern clearly reveals the partial 
crystallization of LMP with several impurities and this reveals that the Mn(OAc)2 
required higher temperature to produce the pure phase LMP unlike MnCO3. The reaction 
temperature was increased to 315 °C and the corresponding PXRD pattern at different 





Figure 4.10 PXRD patterns of the LMP synthesized from Mn(OAc)2 at 315 °C for 
different time. * Impurities. 
4.6.2 Possible formation mechanism of LiMnPO4 nanoplates 
 
Figure 4.11 FESEM images of LMP at various time intervals: (a) 3 h, (b) 8 h, (c) 12 h 
and (d) 16 h. 
 
In order to probe the formation pathway of the LMP nanoplates, various time 




intervals were analyzed using FESEM (see Fig. 4.11). As observed from the FESEM 
images, four possible formation stages could be recognized. Fig. 4.11a shows the early 
stage formation of nanoneedles with fine particles within 3 h and as time progresses (8 
h), the preformed nanoneedles and nanoparticles dissolve and re-crystallize to form 
loosely assembled needle shapes. As the time progressed (beyond 8 h), these needles 
were found to fuse together and form nanoplates (12 h) and they become rigid and more 
regular (16 h) in shape. Thickness of the nanoplates grew continuously over the time. 
This reveals that the duration of the reaction has a significant effect on the morphology 
of the obtained product. Based on the optimization conditions, it was found that the 
plates are thermodynamically more favoured.  
4.7 Electrochemical characterization  
 
Figure 4.12 Galvanostatic charge–discharge cycle curves of LMP nanoplates with 
various coating: (a) bare, (b) carbon, (c) silver and (d) gold. Current density of 1.71 
mA/g (1 C refers to a capacity of 171 mA/g in one h), potential window 2.3–4.5 V, 





In the current work, the C-rate calculation was made based on the lithium 
extraction–insertion reaction given in Eqn-4.1. The theoretical capacity of pure olivine 
LMP phase is 171 mAh/g. 
LiMnPO4 xMnPO4 + (1-x)LiMnPO4 + xLi
+ + xe- (1)  
Most of the literature reports on the electrochemical cycling of LMP were obtained under 
the trickle charge conditions.
[7b, 18a, 21, 25]
 Under this mode, the cell is charged to the 
maximum extent possible so that the highest possible capacity might be achieved. 
However, these modes of tests are time-consuming and effectively applicable for the 
laboratory evaluation of an electrode material only. In the present investigation we have 
used the galvanostatic cycling mode which relies on the constant current 
charge/discharge between the cut-off voltage windows. This method is often used to test 
the rechargeable batteries. The galvanostatic charge–discharge curves are shown in Fig. 
4.12 for various LMP nanoplates [(a) bare (b) carbon coated (c) silver coated and (d) 
gold coated] versus Li cell, cycled between the voltage windows of 2.3–4.5 V at 0.01 C 





 redox couple at 4.1 V vs. Li
+
/Li was not observed in bare and carbon coated 
LMP (Fig. 4.12 a, b). Fig. 4.12 a and b clearly shows an incomplete electrochemical 
activity during charge and discharge cycles of bare and carbon coated LMP nanoplates. 
Discharge capacity of 5.5 and 12 mAh/g was obtained for bare and carbon coated LMP 
respectively. On the other hand, Ag and Au coated LMP nanoplates exhibited a first 
discharge capacity of 70 and 60 mAh/g respectively (Fig. 4.12 c and d). These capacity 
values are equivalent to 41% and 35% of the theoretical capacity of LMP. Furthermore, 
the discharge capacity was found to fade with the cycle number. At the end of 15
th
 cycle 




mAh/g respectively. These results were comparable to those that were reported earlier.
[4a, 
19b, 19c, 31]
 The reversible capacity obtained is much lower than the theoretical value. The 
huge polarisation observed even at low current rate is attributed to the extremely poor 
intrinsic electronic conductivity and sluggish Li
+
 ion diffusion kinetics within the LMP 
plates which did not improve even after carbon and metal coating. Ag and Au metal 
coating could not provide continuous wiring throughout the plates (Fig. 4.6 and 4.8) and 
this does not facilitate spontaneous flow of electrons from the plates to the current 
collector.  
 
Figure 4.13 Galvanostatic charge–discharge cycle curves of LMP nanoplates milled with 
carbon. Current density of 17.1 mA/g. Potential window 2.3–4.5 V, recorded at room 
temperature. 
 
Several earlier literature report have shown that the ball milling with carbon is the 
best way to optimize the LMP cycling performance, since it could produce nanoparticles 
embedded in the carbon matrix.
[99, 106, 241]
 Hence, we tried this approach with the 
intention to maximize the electrochemical behaviour of our LMP nanoplates. Fig. 4.13 




wt % super P carbon at 1500 rpm. A clear improvement in the storage performance after 





characteristics of lithium extraction and insertion. Stabilized discharge capacity of 50 




 cycles at 0.1 C rate. Even though 




 transition, overall storage performance was 
found to be very poor when compared with its theoretical values.  
4.8 Solid solutions LiMnxFe1−xPO4 
Several previous literature report have shown that the partial substitution of 
(doping) Mn with other bivalent metal cations such as Mg, Fe, Ni and Zn can enhance 




redox couples in LMP.
[33] 
Choosing an 



















 was studied extensively due to its significant increase in 
the bulk electronic conductivity.
[35f, 36]
 Detailed electronic and ionic conductivity 
measurements by Molenda et al.
[35f, 36]
 on LiFe1−yMnyPO4 clearly shows that the 
electrical conductivity of LiFe0.45Mn0.55PO4 is one order of magnitude higher than the 
undoped LiFePO4. The lower activation energy of electronic conductivity for the iron–
manganese solid solution (0.55 eV) maximises the manganese utilization 
(electrochemical activity) and reported to have a superior rate capability than LMP. 
However, it is still not clear to what extent of Fe
2+
 substitution would give better 
performance.
[37]
 Earlier reports on the electrochemical behaviours of LiMnxFe1−xPO4 (x = 
0.25, 0.50, 0.75, 1.0) by several groups proved that Mn-rich phase [LiMnxFe1−xPO4 (x > 




[1c, 12a, 13b, 37-38]
 In contrast to this, recent report by Martha et al.
[39]




rich phase is an excellent cathode material for advanced LIBs. Therefore, in this 
investigation we have selected two Fe substitution ratios to examine the performance of 
LMP nanoplates, they are LiMnxFe1−xPO4 where x = 0.5 and 0.75. These olivine solid 
solutions were generally synthesized using conventional solid state methods.
[112, 243]
 Even 
though such methods offer high purity products, laborious processing steps like grinding, 
pelletizing, repeated heating, and undesirable polydispersed growth of the grains were 
found to be the main drawbacks of high temperature ceramic routes. Therefore we have 
adopted solvothermal method in the present investigation for the synthesis of these solid 
solutions LiMnxFe1−xPO4 (x = 0.5 and 0.75).  
4.8.1 Structural and Morphological Characterization of LiMnxFe1−xPO4  
 
Figure 4.14 PXRD patterns (a) LiMnxFe1−xPO4 JCPDS standard (card number 42-0580). 





PXRD pattern of the LiMnxFe1−xPO4 (x = 0.5 and 0.75) nanoplates synthesized by 
solvothermal approach at 290 °C is shown in Fig. 4.14. Based on previous studies, it is 
established that the M
2+
 (M = Fe, Mn) disorder 
[31b, 40]
 in the Li
+
 sites (antisite disorder) 
predominantly occurs at the olivines synthesized below 200 °C.
[41]
 This tunnel blocking 
affects the electrochemical activity of the as-prepared LiMPO4 profoundly to a lower 
value. Atomistic simulation on the mixed-metal phosphate materials reported by Islam et 
al.
[42]
 strongly suggest that anti-site defects are more severe in the LiFe0.5Mn0.5PO4 
compared to that of the pure LiMPO4 which is predominant especially at low 
temperature synthesis conditions. Therefore, we have kept our synthesis temperature 
well above 250 °C. These solid solutions are isostructural with their LiMnPO4 and 
LiFePO4 end-members, having isotypical olivine-like structure in space group Pnma (D1 
6 2h).
[13b, 35b, 38a, 38c]
 The PXRD pattern clearly shows single phase formation of 
LiMnxFe1−xPO4 (x = 0.5 and 0.75). Since our synthesis method deals with low 
temperature, we have not identified any conductive phosphides and manganese 
phosphate impurities.
[38b]
 As can be seen from Fig. 4.14 all the peaks in the PXRD 
pattern were indexed to an orthorhombic space group (JCPDS Card No: 42-0580). 
Lattice parameters for LiMn0.5Fe0.5PO4/C and LiMn0.75Fe0.25PO4/C was found to be a = 
6.054 Å b = 10.401 Å c = 4.727 Å; and a = 6.077 Å, b = 10.431 Å and c = 4.734 Å 
respectively. The substitution of bigger Mn
2+
 [ionic radius 97 pm] ions with smaller Fe
2+
 
ions [ionic radius 92 pm] leads to a linear decrease of the cell parameters with respect to 
LMP.
[36a]
 These lattice parameters compare well with those reported earlier in the 
literature.
[36b, 38b] 
Fig. 4.15 shows the FESEM images of LiMnxFe1−xPO4 (x = 0.5 and 0.75). Solid 
solutions exhibits significantly different morphology than the parent LMP. Elliptical 




orientation of the plates in LMP. We have also observed similar self assembly of plates 
previously in LFP.
[23]
 Average plate thickness of LiMnxFe1−xPO4 (x = 0.5 and 0.75) was 
found to be around 60-80 nm. 
 
Figure 4.15 FESEM images of LiMn0.5Fe0.5PO4/C and LiMn0.75Fe0.25PO4/C. 
 
 






TEM, HRTEM and SAED images of LiMnxFe1−xPO4 (x = 0.5 and 0.75) 
nanoplates are shown in Fig. 4.16. TEM images show that the thin nanoplates are stacked 
one on another (Fig. 4.16a, d). From the HRTEM images, (Fig. 16b, e) it is clear that a 
uniform carbon coating with a thickness of 2-4 nm is present on the surface of nanoplates 
and the presence of clear lattice fringes indicate single crystallinity of the nanoplates. 
The observed width 3.92 Å and 3.01 Å, of neighbouring lattice fringes corresponds to the 
(120) and (200/121) plane of LiMn0.5Fe0.5PO4/C. 4.27 Å and 3.71 Å corresponds to the 
(011) and (101) plans of LiMn0.75Fe0.25PO4/C. SAED spots in Fig. 4.16c, f confirms that 
these self-assembled nanoplates are indeed single crystalline in nature, and these 
observations are consistent with the PXRD pattern results shown in Fig.4.14. 
4.8.2 Cyclic Voltammetry LiMnxFe1−xPO4 
 
Figure 4.17 Cyclic voltammograms of LiMnxFe1−xPO4 /C. (a) LiMn0.5Fe0.5PO4/C and (b) 
LiMn0.75Fe0.25PO4/C nanoplates. Scan rate: 0.058 mV/sec. 
 
The cyclic voltammograms (CV) of LiMn0.5Fe0.5PO4/C and LiMn0.75Fe0.25PO4/C 
nanoplates are shown in Fig. 4.17 respectively. The CV was recorded with Li metal as 
the counter and reference electrodes in the voltage range of 2.3–4.5 V at the scan rate of 
0.058 mVs
-1












, respectively. During the anodic (charge) sweep, two peaks appear at 3.51 













 at 3.98 V, 




 occurring at 3.43 V. The extent of substitution 
between the Mn and Fe decides the peak heights (peak current) corresponding to the 
ratio of the iron and manganese redox couples. 
[35a, 36b, 43]
 When increasing the Mn 




 was found to increase (Fig. 
4.17a). In the subsequent cycles, the anodic peak and the corresponding cathodic peak 
current were found to increase for LiMn0.5Fe0.5PO4/C, this shows the exposure of the 
plate surface to the electrolyte upon cycling and also infers good reversibility of the 




 peak current was 
found to decrease with cycling and this reveals the poor electrochemical activity of the 
redox couple Fig. 4.17b.  
4.8.3 Galvanostatic Cycling LiMnxFe1−xPO4/C (x = 0.5 and 0.75) 
 
Figure 4.18 Galvanostatic charge–discharge cycle curves of LiMnxFe1−xPO4/C 
nanoplates. (a) LiMn0.5Fe0.5PO4/C Current density of 3.4 mA/g and (b) 





The electrochemical performance of LiMnxFe1−xPO4 (x = 0.5 and 0.75) 
nanoplates were evaluated via constant current charge/discharge testing at various rates 
between 2.3 - 4.5 V. Fig. 4.18a shows the galvanostatic charge/discharge profiles of 
LiMn0.5Fe0.5PO4/C nanoplates at C/50 rate. During the first charge (Li-deintercalation) 
process, LiMn0.5Fe0.5PO4/C shows two characteristic potential plateaus versus the lithium 
electrode. The first flat plateau, at 3.48 V occurs after a sharp voltage increase from the 




. The rapid steep change of 
voltage ~ 0.53 V occurs before the second plateau (manganese oxidation Mn
2+→ Mn3+) 
at 4.09 V and then gradually increases to the cut-off voltage, resulting in a storage 
capacity of 130 mAh/g (Fig. 4.18a). The consequent discharge shows a similar two 
plateau region for M
3+→M2+ reduction (M = Mn and Fe) and resulting in the capacity of 
127 mAh/g. The irreversible capacity loss (ICL) between the first charge and discharge 
reactions is less than 3 mAh/g and the coulombic efficiency was found to be almost 97.6 
%. As seen in the CV, in galvanostatic cycling also the storage capacity was found to 
increase in the initial formation cycles and at the end of 10
th
 cycle discharge capacity of 
LiMn0.5Fe0.5PO4/C nanoplates was found to be around 153 mAh/g which is 90 % of the 
theoretical capacity and the coulombic efficiency is 99 %. At the end of 10
th
 cycle the 
remaining lithium in the fully charged LiMn0.5Fe0.5PO4/C is around 0.1 Li per formula 
unit, which reveals that most of the lithium ions were extracted from the electrode. This 
facilitates the complete oxidation of Mn
2+
 ions. In the case of LiMn0.75Fe0.25PO4/C first 
charge capacity was found to be only 55 mAh/g indicating an incomplete 
electrochemical lithium extraction. It is seen that more Li extraction occurs at the Mn 
plateau region (4.1 V) than the Fe plateau region (3.48 V) which complements the 
stoichiometric ratio taken (Fig. 4.18b). However, on subsequent discharge, Li insertion 




of 33 mAh/g. The irreversible capacity loss (ICL) was found to be around 22 mAh/g and 
a poor coulombic efficiency (60 %) was observed in the first cycle even at a slower rate 
of C/100. At the end of 30
th
 cycle, the reversible capacity was found to be around 143 
mAh/g and 31 mAh/g for LiMn0.5Fe0.5PO4/C and LiMn0.75Fe0.25PO4/C respectively at 
C/50 and C/100 rate. The electrochemical performance of LiMn0.75Fe0.25PO4/C 
nanoplates reminiscent the behaviour of LMP/C nanoplate and this abrupt loss of 




 redox center upon increasing the manganese 
content has been discussed earlier by various groups.
[44]
 The main culprits for this 





huge lattice mismatching in two-phase reactions (ca 12% between MnPO4 and 
LiMnPO4),
[11]
 (3) sluggish electronic/ionic conductivities
[4a, 8]
 and (4) energy disparity 
between surface and bulk states.
[46]
  
To explain further the current rate on the redox behavior of the 
LiMn0.5Fe0.5PO4/C nanoplates, several replicate cells were tested at different C rates. Fig. 
4.19 shows the galvanostatic charge–discharge profiles of LiMn0.5Fe0.5PO4/C at the 
following rates 1, 3, 5, 7 and 10 C. The capacity retention of the LiMn0.5Fe0.5PO4/C 
electrodes versus cycling number is shown in Fig. 4.19f. The tests revealed that good and 
consistent cycling stability were found at all rates for this material. The overall reversible 
capacity at the end of 50
th
 cycle was found to be 120, 104, 91, 79, and 60 mAh/g for 1 C 
(170 mA/g), 3 C (510 mA/g), 5 C (850 mA/g), 7 C (1190 mA/g), 10 C (1700 mA/g) 
respectively. Columbic efficiency at various rates exceeds more than 98%. Higher 
current rate increases the polarisation between the charge/discharge cycles. Plateau 
behaviour of the redox couples was retained until 10 C. It is worth mentioning that the 
LiMn0.5Fe0.5PO4/C nanoplates synthesized in the present study show better performance 







Figure 4.19 Galvanostatic charge–discharge profiles of LiMn0.5Fe0.5PO4/C nanoplates at 
various rates (only selected cycles were given): (a) 1 C (170 mA/g) (b) 3 C (510 mA/g) 
(c) 5 C (850 mA/g) (d) 7 C (1190 mA/g) (e) 10 C (1700 mA/g) and (f) reversible 
capacity vs. cycle number plots. Potential window for the cycles was maintained 2.3–4.5 





4.8.4 Long Term Cycling of LiMn0.5Fe0.5PO4/C 
 
Figure 4.20 (a) long term galvanostatic charge–discharge voltage profiles of. 
LiMn0.5Fe0.5PO4/C nanoplates at 2 C. (b) reversible capacity vs. cycle number plots 
(selected cycles were given) Potential window 2.3–4.5 V. 
 
Fig. 4.20 shows the galvanostatic cycling of LiMn0.5Fe0.5PO4/C nanoplates at 2 C 
rate. Under this rate (340 mA/g) 1000 cycles were carried out to elucidate the long term 







 cycles respectively. This shows a considerable capacity 
improvement observed in the beginning of the cycling. In addition to this, the observed 
columbic efficiency of the long term cycles was found to be more than 98 % after 50 
cycles. Long term stability of the lithium insertion/extraction reactions in 
LiMn0.5Fe0.5PO4/C electrode is evidenced by a negligible capacity fade over 1000 
charge-discharge cycles. 
4.8.5 Rate Capability of LiMn0.5Fe0.5PO4/C 
  The high rate performance which is one of the mandatory electrochemical 
features of lithium-ion batteries to power the high energy applications (HEV and EV) 




Here we present the rate capability measurements at 7 different (Fig. 4.21) charge–
discharge current rates. 
 
Figure 4.21 LiMn0.5Fe0.5PO4/C: (a) rate capability, (b) charge–discharge voltage profiles 
at various C rates. 
 
Reversible capacity of 121, 116, 110, 64, 43, 37 and 31 corresponding to the „C‟ values 
of 0.1, 0.2, 2, 9, 13, 15 and 18 C (here 1 C = 170 mA/g) was observed, in the voltage 
range 2.3 to 4.5 V (Fig. 4.21). On an average, 20-50 cycles were carried out for a given 
rate Fig. 4.21a. The polarisation between charge/discharge plateau (ΔV) at 0.1 C was 
found to be around 85 and 5 mV in the Mn and Fe region (Fig. 4.21b) and it is worth 
comparing this with the pure individual nanoplates we have synthesized earlier. At the 
same rate the polarisation of the LMP and LFP was found to be around 260 and 60 mV 
and respectively.
[23, 47]
 Huge reduction in the ΔV especially at Mn region is possibly 







 As expected, the reversible capacity 
decreases from 120 mAh/g to 31 mAh/g with increasing C-rate from a value of 0.1 C (17 
mA/g) to 18 C (3240 mA/g), showing a diffusion-limited mass transfer of Li
+
 between 




from 18 C to 0.1 C, a capacity of 105 mAh/g was observed which is 62% of the 
theoretical capacity. At each C-rate, the storage capacity was found to be very stable. 
While the storage performance at high rates is far better than those of LMP electrode 
materials synthesized with carbon or non-uniform metal coating. It is worth mentioning 
that the solvothermal synthesis allows us to synthesise thin nano plates of olivine 
phosphates and such morphology favours a shorter diffusion length for Li
+
 ions when 
compared with the material synthesized using high temperature ceramic route. 
4.9 Conclusion  
In summary, we have synthesized pure phase LiMnPO4 and LiMnxFe1−xPO4 (x = 
0.5 and 0.75) nanoplates by using a simple solvothermal route at 290 °C. The thickness 
of the plates was found to be around 60-80 nm. Nanoplates of LMP were found to be 
randomly oriented whereas the LiMnxFe1−xPO4 nanoplates assembled to form 
hierarchical structures. Reaction parameters have strong influence on the morphology of 
the final product. Exterior conductive coating using carbon, silver gold and copper was 
carried out to improve the electronic conductivity of LMP nanoplates. However, 
electrochemical activity of LMP was not attractive due to the discontinuity in the 
conductive wiring. Milling with carbon has slightly improved the electrochemical 
activity of the LMP nanoplates. On the other hand, substitution of Fe
2+
 for the Mn
2+
 site 




 redox couple 
significantly. LiMn0.5Fe0.5PO4/C nanoplates exhibited reversible capacity of 153, 121, 
91, 60 and 31 mAh/g and at 0.02, 0.1, 5, 10 and 18 C respectively. Remarkable long term 
cycling stability and good high rate performance was found upto 1000 cycles for the first 
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Chapter 5. Mesoporous TiO2 with High 








5.1 Preface to Chapter 5 
Micron sized mesoporous materials have characteristic grains as well as pores 
nearly in the same scale. Electrodes of mesoporous materials for lithium batteries have a 
short transport length for Li
+
 ions due to nano sized grains (10-20 nm), and easy access 
for electrolytes due to nanopores (5-10 nm). Such mesoporous materials have high tap 
density unlike nanopowders, nanowires, nanorods and nanotubes. In this chapter, we 
present a simple approach for the synthesis of mesoporous anatase TiO2 using soft 
template method, which shows superior storage performance without any conductive 
surface layers. Various cationic surfactants with different chain lengths have been 
selected for this investigation to assist the formation of the mesoporous TiO2 structure. 
Among these, cetyl trimethylammoniumbromide templated C16-TiO2 has the highest 
surface area of 135 m
2
/g and a reversible capacity of 288, 220, 138, 134 and 107 mAh/g 
was obtained at 0.2, 1, 5, 10 and 30 C respectively. The storage performance of the as-
synthesized mesoporous TiO2 is nearly five times better than the commercially available 
TiO2 nanopowders. Tap density of meso-TiO2 is found to be 6.6 times higher than the 
TiO2 nanopowders. Besides, battery testing using mesoporous TiO2 electrodes without 
15% carbon additive exhibits nearly the same performance at low rate as the meso-TiO2 
with carbon additives. These exciting results suggest a facile conduction path for 
electrons, a unique character of micron sized mesoporous TiO2 with well interconnected 
nanograins of 15-20 nm. 
** Work described in this Chapter has been published /presented in the following journal 
/conference:  
1. Energy Environ. Sci., 2010, 3, 939–948.(Inside cover page) 
2. Top Ten most-read Energy & Environmental Science articles of Jul 2010 
3. Nanostructured Materials for Electrochemical Energy Systems: lithium batteries, 





5.2 Introduction  
Lithium ion battery (LIB) is the most successful electrochemical power source, 
whose market has penetrated significantly in the past decade with emerging modern 
electronic devices. LIB has also been recognized for electric vehicle applications due to 
their potential high energy density and moderate power density. Considerable attention 
has been paid recently to develop novel materials for both cathode and anode of LIB‟s 
which are inexpensive, safe and environmentally benign. Nanomaterials have attracted 
great attention in this context due to various anomalous physical and chemical 
behaviours.
[1]
 Nanostructured materials such as nanopowders, nanowires, nanorods, 
nanotubes and nanofilms have shown promising advantages as electrode materials 
because of their high storage capacity and high rate performance.
[2]
 The main 
disadvantage of nanocrystalline electrode materials is their extremely low tap density. 
Poor volumetric storage capacity is an important issue that has to be addressed while 
considering them for LIB application. On the other hand, mesoporous electrode materials 
offer a clever solution to achieve high volumetric energy density for LIB.  
Ti based oxides have been considered as promising anode materials owing to 
their highly stable cycling performance. Excellent Li
+
 insertion properties of spinel 
LTO
[3]
 created a growing demand in various polymorphs of TiO2, in particular to their 
“nano” counterparts for LIB applications. Even though Li4Ti5O12 is an outstanding host 
for reversible Li intercalation
 [4]
 its theoretical capacity is restricted to 175 mAh/g 
whereas TiO2 displays a capacity of 335 mAh/g or 1.0 mol of Li per TiO2 theoretically
 [5]
 







 TiO2 (B) (bronze),
[6a, 6b, 8]
 TiO2 (R) 
(ramsdellite),
[6b, 9]
 TiO2 (H) (hollandite),
[6a, 6b, 10]
 TiO2 (II) (columbite)
[6a, 6b, 11]






 Among them, only rutile, anatase, brookite and TiO2 (B) have 
been tested for LIB application. The crystal structures of the polymorphs are shown in 
Fig. 5.1 and the lattice parameters are presented in the table 1. 
 





The storage performance of different TiO2 polymorphs, absolutely depends on 
the relative phase stabilities as a function of Li
+
 content and this has been closely studied 
by computational molecular modelling
[13]
 and also verified experimentally.
[2i, 2k, 14] 







Unit cell (Å) 
 Rutile    P42/mnm    4.13    a = 4.59, c = 2.96   
 Anatase    I41/amd    3.79    a = 3.79, c = 9.51   
 Brookite    Pbca    3.99    a = 9.17, b = 5.46, c = 5.14   
 TiO2 (B)    C2/m    3.64    a = 12.17, b = 3.74, c = 6.51, β = 107.29° 
 TiO2 (II)    Pbcn    4.33    a = 4.52, b = 5.5, c = 4.94   
 TiO2 (H)    I4/m    3.46    a = 10.18, c = 2.97   
 TiO2 (III)    P21/c    -  a = 4.64, b = 4.76, c = 4.81, β = 99.2°  




 carried out periodic Hartree-Fock structure optimizations for a number of 
TiO2 and LiTiO2 polymorphs with great accomplishment. The envisaged relative 
stabilities of various TiO2 polymorphs are given in the following order. 





Rutile TiO2 phase (P42/mnm) is the most thermodynamically stable form of TiO2. 
In its bulk form it can only accommodate insignificant amount of Li (< 0.1 Li per TiO2 
unit at room temperature)
[15]
 except at elevated temperatures.
[16]
 It is well known that Li 
diffusion in rutile structure is one dimensional, which occurs through a fast diffusion 
along the channels in c axis.
[17]
 Theoretical (simulation studies) and experimental studies 
demonstrated that the Li
+















 As a result, Li migration is 
sluggish in the ab planes and limits the Li
+
 ions to reach the thermodynamically 
favorable octahedral sites and isolates Li
+
 in the c channels. Besides, repulsive Li–Li 
interactions present in the c channels collectively with trapped pairs of Li
+ 
ions in the ab 
planes may possibly block the c channels and hamper the intercalation capacity well 
below the theoretical limit. However, nano-rutile has shown a moderately higher 




Anatase has a tetragonal body centered space group I41/amd, and consist of 
planar double chains made of TiO6 octahedra sharing two neighbouring edges with two 
other octahedra.
[20]
 Diffusion of Li
+
 ions in an anatase structure takes place along a 
reaction path connecting the octahedral interstitial sites.
[17f, 21]
 The anatase structure can 
be regarded as a stacking of 1D zigzag chains comprised of distorted edge-sharing 
octahedra. This type of stacking guides to empty zigzag tunnels in the anatase 
framework. Therefore, in contrast with the rutile framework, the intercalation of Li
+
 




5.2.3 TiO2 (B) 
The structure of the idealized TiO2(B) is a shear derivative of ReO3. Analogous 
to rutile and anatase, TiO2-B is comprised of corrugated sheets of corner and edge 
sharing TiO6 octahedra resulting in a three-dimensional framework.
[22]
 When transferred 
by half of the unit cell length in the [100] direction,
[5a]
 TiO2(B) exhibits a system of 1D 
infinite tunnels in molecular sheets which trail the [001] direction and these are the 
channels where Li ions can be intercalated. The lithium ion mobility is expected to be 
very high in the TiO2(B) due to the more open frame work structure when compared to 
the other polymorphs of TiO2. Nano structures
[14a, 19a, 23]
 of TiO2(B) exhibited excellent 
storage capacity with very good cycling stability when compared with the bulk counter 
parts due to the pseudo capacitive lithium storage.
[24]
 However, it is the least dense 
polymorph of TiO2 with the density of 3.73 gcm
-3
 compared with 3.89 and 4.25 gcm
-3
 for 
anatase and rutile, respectively.
[25]
 
The major setback, of the TiO2 polymorphs, is the poor Li diffusion and 
accompanying electrons in its bulk form, restricting the full material utilization 
electrochemically. To improve the inherent (charge/ion) transport properties, TiO2 
polymorphs have to be prepared in nanostructures that could enhance the intercalation 
properties. 
Mesoporous materials are usually in micrometer dimension with nanopores in the 
range 2-10 nm, thus while employed as electrode materials for lithium battery enables 
easy access for the Li-ions from the electrolytes facilitating Li
+
 transport within the bulk 
grains which is typically in the range of 10-20 nm. However, the electrons within the 
mesoporous particles need to be transported across a few microns to the nearest 






 clearly demonstrated a poor rate performance due to low electronic conductivity. 
Thus in mesoporous materials, often it is observed that longer transport length for the 
electrons limits the storage performance. To avoid such kinetic issues in mesoporous 







 have been coated at the interior or on the exterior surfaces. Recently, 
spacers such as Al2O3 or SiO2 have been introduced within the mesoporous TiO2 to 
enhance its rate performance by improving the access to liquid electrolytes.
[30]
 Though 
such electronic wiring or spacer techniques have been widely employed for achieving 
optimum storage performances, there is a room to investigate simple and inexpensive 
conditions for the synthesis of mesoporous electrode materials having enhanced storage 
behaviour at high rate, preferably without surface conductive or spacer materials.  
The template-synthesized mesoporous electrode materials normally exhibit large 
particle size but small crystallite size, high surface area, large surface-to-volume ratio, 
high crystallinity and favourable structural stability.
[31]
 These mesoporous electrode 
material characteristics are thus beneficial for their electrochemical storage behaviour 
because of their reduced transport length for Li
+
 ions, superior electrode–electrolyte 
contact area and better accommodation of the strain during the Li intercalation. Improved 
electrode performances such as high capacity, high-rate capability and longer cycling life 
are thus expected accordingly. Therefore, introducing template technique in preparing 
electrode materials offers new opportunities to improve the performance of the existing 
LIB.
[32]
 With the aid of “hard”[2n, 33] or “soft”[31, 34] templates, a variety of electrode 
materials with diverse structures and morphologies can be synthesized. This work thus 
describes the synthesis of mesoporous TiO2 electrode material with a systematic control 
of pore size and specific surface area yielding a high tap density through soft-template 




surfactants, namely cetyl trimethylammoniumbromide (CTAB), dodecyl 
trimethylammoniumbromide (DOTAB) and octyl trimethylammoniumbromide (OTAB) 
were selected for the current investigation due to their ability to assist in the formation of 
the mesoporous assembled structure. The electrochemical storage performances of the 
as-synthesized mesoporous titanium dioxide are reported in this chapter. The results 
showed that the storage performance of mesoporous TiO2 depends on the chain length of 
the cationic surfactant. Specifically, the CTAB templated mesoporous titanium oxide 
delivers high storage capacity and also provides good rate capability. 
5.3 Experimental section 
All the solvents and chemicals were commercially available and were used as 
received unless otherwise stated. 
5.3.1 Synthesis of mesoporous TiO2 
The mesoporous TiO2 samples were synthesized using soft-template method with 
titanium isopropoxide as a titanium source. Various cationic surfactant molecules like 
OTAB, DOTAB and CTAB were used as templates. OTAB, DOTAB, CTAB, titanium 
isopropoxide (TiOpr) and ethanol are of high pure analytical grade obtained from Sigma 
Aldrich. P25, a commercial titania powder from Degussa (received as a gift) with a grain 
size of 25 nm was used for comparison purpose. We present here the synthetic 
methodology for a representative case of CTAB templated mesoporous TiO2. A definite 
weight (3.64 g) of the cationic surfactant CTAB was taken in a round bottomed flask and 
was dissolved in a mixture of de-ionized water and absolute ethanol in a volume ratio of 
4:1. To this solution, 14.3 mL of TiOPr was added drop wise with continuous vigorous 
stirring. The resulting gel was then continuously stirred for several hours. The precipitate 




Calcination was done in static air at 450 °C for 5 h to remove the organic template and to 
increase the cross-linking of the inorganic framework. Similar procedure was followed 
for the synthesis of DOTAB and OTAB templated mesoporous TiO2 in the same molar 
ratio. 
5.3.2 Characterization of the as-synthesized mesoporous TiO2 materials  
The crystallinity and purity of the as-synthesized mesoporous TiO2 were 
examined using powder X-ray powder diffraction (PXRD), which was recorded using a 
D5005 Bruker X-ray diffractometer equipped with Cu-Kα radiation. The accelerating 
voltage and current used were 40 kV and 40 mA respectively. A scan speed of 0.015 per 
second was employed. Lattice parameters were obtained using TOPAS-R (version 2.1) 
software. Scanning electron microscopy (SEM) images were taken with a JEOL JSM-
6700F field emission scanning electron microscope (FESEM) operated at 5 kV and 10 
mA. For the SEM analysis, samples were coated with a 100 nm thin platinum layer using 
DC sputtering. A JEOL JEM-2010 instrument was used to get the high resolution 
transmission electron microscopic (HRTEM) images as well as selected area electron 
diffraction (SAED) patterns. These TEM images were used to investigate the 
morphology while the SAED confirmed the nature of crystallinity. The N2 adsorption-
desorption isotherms of the as-synthesized mesoporous TiO2 were obtained by a N2 
adsorption/desorption apparatus (Nova 1200, Quantachrome) at 77 K. Pre-treatments of 
the samples were carried out at 150 °C for 8 h under high vacuum. Thermo Gravimetric 
Analysis (TGA) was performed on the as-synthesized and calcined titania powder using 
Labsys Evo, TGA-DSC-1600 (Setaram instruments) using alumina crucibles under argon 
atmosphere at a rate of 10 
o
C/min from ambient temperature to 600 
o
C. Raman spectrum 




the meso-TiO2 were carried out exactly similar to what was described in chapter 2. The 
tap density of a solid material is defined as follows; the apparent density of a volume of 
powder material obtained when its receptacle is tapped or vibrated. A predetermined 
amount of the sample, in this case 1g each of commercial TiO2 powder and synthesized 
mesoporous TiO2 powder were placed in a graduated measuring cylinder and this 
cylinder was then secured tightly for the testing purpose. The number of taps was kept 
same for both the samples. Once the tapping of the samples were over, the final volume 
occupied by the powders were measured using water as a reference. 
5.4 Results and Discussion 
5.4.1 Structural and Morphological Characterization 
 






The mesoporous TiO2 synthesized using OTAB template was designated as C8-
TiO2 and similarly the other mesoporous TiO2 synthesized from DOTAB and CTAB 
were designated as C12-TiO2 and C16-TiO2 respectively according to the chain length of 
the surfactant. Commercial P25 TiO2 from Degussa was used for comparison purpose 
and was labelled as com-TiO2. Fig. 5.2 shows the PXRD patterns of the as-synthesized 
mesoporous TiO2 samples using various cationic surfactants (OTAB, DOTAB and 
CTAB). The diffraction patterns clearly reveal the formation of anatase TiO2 (JCPDS 21-
1272) without any mixed phases like rutile and brookite. The calculated cell parameters 
for the anatase phase are in good agreement with the earlier reports.
[35]
  
In order to infer the morphology of the template synthesized meso-TiO2, sintered 
powders were analyzed using FESEM. Lower magnification FESEM image (Fig. 5.3a) 
shows an irregular sphere like morphology of TiO2 particles with various sizes in the 
range 300-800 nm. Upon observation of these spheres under higher magnification, we 
note that these micron sized particles are formed due to the agglomeration of TiO2 nano-
grains of dimension 15-20 nm (Fig.5.3b).  
 
Figure 5.3 FESEM images of mesoporous TiO2 using C16 surfactant. (a) lower 





Further, these TiO2 samples were analysed using TEM after ultra-sonication. 
Isolated nanograins of TiO2 in the range 15-20 nm are observed due to ultra-sonication 
treatment (Fig. 5.4a, 5.4d, 5.4g). The HRTEM image recorded on the meso–TiO2 
samples provide an added insight into the microstructures of these materials as shown in 
Fig. 5.4b, 5.4e and 5.4h.  
 
Figure 5.4 TEM, HRTEM and SAED image of C8-TiO2 (a-c), C12-TiO2 (d-f) and C16-
TiO2 (g-i). 
 
The clear lattice fringes observed indicates that the as-synthesized meso-TiO2 samples 
are highly crystalline in nature. The observed width of 3.495±5 Å between neighboring 




show the SAED pattern of the meso-TiO2 sample, with diffraction rings (101), (004), 
(200) and (105) of randomly oriented anatase TiO2, consistent with the PXRD pattern in 
Fig. 5.2. PXRD, HRTEM and SAED results strongly suggest that the soft-template 
method used in this investigation to synthesize mesoporous TiO2 is an attractive process 
for the production of high quality mesoporous transition metal oxides especially in bulk 
quantity using a simple procedure, a key requirement for industry applications. 
5.4.2 BET analysis 
Fig. 5.5 shows the N2 adsorption/desorption isotherm of OTAB, DOTAB and 
CTAB templated TiO2. The results of nitrogen adsorption/desorption experiment indicate 
that the nanostructured titanium dioxide prepared by this soft-template method has a 
large specific surface area with a mesoporous structure. All the samples exhibit a distinct 
large hysteresis loop from 0.6 to 0.8 of relative partial pressure (P/Po) and this type of 
behaviour is a typical characteristic of mesoporous materials namely a type IV isotherm 
due to capillary condensation in the mesoporous channels and/or cages. This sharp 
increase can be attributed to the capillary condensation, indicating a good homogeneity 
of the sample. The BJH pore size distribution obtained from the desorption branch of the 
isotherms appears to be narrow (see inset of Fig. 5.5). The surface area, the total pore 
volume and the pore size of meso-TiO2 samples were calculated using Barrett – Joyner – 
Halenda (BJH) method. It is noticeable that although all the mesoporous titania 
synthesized using various surfactants exhibit similar nitrogen sorption isotherms (Fig 
5.5), the capillary condensation step (of the adsorption isotherm) shifts to higher partial 
pressure for materials prepared from longer chain surfactants and this shift implies an 




DOTAB to CTAB. The corresponding mean pore sizes are 5.7 nm, 6.1 nm and 7.0 nm 
respectively,  
 
Figure 5.5 N2 adsorption/desorption isotherm of C8, C12 and C16-TiO2. The inset 




for the samples C8-TiO2, C12-TiO2 and C16-TiO2. The surface area of OTAB, DOTAB 
and CTAB templated directed TiO2 was found to be 90, 109 and 135 m
2
/g respectively. 
It can be noted that the surface area of meso-TiO2 is two to three times higher than that 
of P25 powder (50 m²/g). A relationship has been clearly observed between the 
surfactant and the surface area of mesoporous TiO2. As the surfactant chain length 
increases, the pore size and surface area increases. In order to measure the dependence of 
lithium storage behaviour of meso-TiO2 (Li
 
 intercalation) on the specific surface area, it 
is mandatory to keep both the crystallinity and size same.
[36]
 For this purpose, we have 
used same temperature for calcination process to remove the surfactant, thereby retaining 
the grain size almost the same in all cases as confirmed from the TEM images (see Fig. 
5.4a, 5.4d and 5.4g).  
5.4.3 TGA and Raman Analysis  
 
Figure 5.6 a) TGA (a) before calcination (b) after calcination and b) Raman 
spectroscopy of meso-TiO2. 
 
TGA and Raman spectroscopy were performed on meso-TiO2 to ascertain the 
absence of any residual carbon content. The mesoporous titania powder (after calcined at 
450
o




in Fig. 5.6 a-1, thus confirming the calcination process that was employed during the 
synthesis has completely removed the organic agents and surfactants (50% weight loss in 
the TGA before calcination) Fig. 5.6 a-2. To confirm this further, we had performed 
Raman spectroscopy on meso-TiO2. Raman spectroscopy is one of the sensitive 
techniques to analyse the presence of trace amount of carbon.
[37]
 Fig. 5.6b shows the 
Raman spectrum of the sample C16 TiO2. As can be seen, there are Raman vibrations of 
anatase was observed and except this there are no carbon peaks were found and this 
clearly reveals that the sample does not contain any residual carbon.
[2i, 38]
  
5.4.4 Electrochemical properties 
5.4.4.1 Galvanostatic Cycling 
It is known in the literature 
[2i, 2k, 5b, 14e, 38c, 39]
 that the Li insertion into anatase 
TiO2 is accompanied by the phase transition from tetragonal TiO2 (space group I41/amd) 
to orthorhombic Li0.5TiO2 (space group Imma). This phase transition occurs along with a 
spontaneous phase segregation of lithium-poor Li0.01TiO2 phase into lithium-rich 
Li0.5TiO2. Such a process has been extensively studied both theoretically and 
experimentally.
[40]
 Fig. 5.7 shows the discharge/charge curves of mesoporous C8-TiO2, 
C12-TiO2, C16-TiO2 and commercial TiO2 at 66 mA/g within the potential window 1.0-
3.0 V. All the mesoporous TiO2 synthesized by soft-template method show higher 
storage capacity and better stability when compared with the com-TiO2 sample. The Li 





 ↔ LixTiO2 ------- (1) 
Where, x is the amount of inserted Li
+
 in anatase and it depends upon the crystallography 







Figure 5.7 Charge/discharge voltage profiles of meso-TiO2. (a) C8-TiO2, (b) C12-TiO2, 

















All the mesoporous TiO2 synthesized using various templates showed distinct 
potential plateaus at 1.73 and 1.90 V for Li insertion (discharging) and Li extraction 
(charging) processes respectively. A similar voltage profile has been reported previously 
for anatase in the literature.
[42]
 During the first discharge process, the voltage drops 
rapidly from the OCV to 1.73 V and reaches a plateau and after which it gradually 
decreases to the cut-off voltage of 1.0 V. Negligible amount of Li is inserted into the 
mesoporous TiO2 before the plateau regime starting at 1.73 V and this is attributed to the 
formation of a solid solution. At 1.73 V, lithium insertion to about half of the vacant 
octahedral positions of anatase occurs and the corresponding insertion capacity during 
this plateau is found to be 116 mAh/g for meso C16-TiO2, 106 and 94 mAh/g for meso 




sloped region from 1.73 to 1.0 V and the corresponding capacities at these sloped 
regimes are found to be 184, 148 and 140 mAh/g for meso C16- TiO2, C12-TiO2 and C8-
TiO2 respectively. The total storage capacity for meso C16-TiO2, C12-TiO2 and C8-TiO2 
during the first discharge process is 343 (x = 1.02), 301(x = 0.90) and 276 mAh/g (x = 
0.82) respectively. In the case of com-TiO2 the lithium storage capacity is 94 mAh/g 
corresponding to 0.28 mole of Li
+
. Mesoporous TiO2 synthesized in this present study 
shows far better storage performance than the com-TiO2. This observed larger capacity is 
attributed to the fact that the templated materials are associated with small grain size 
with high surface area. The subsequent charging (Li
+
 extraction) shows a monotonous 
increase in the capacity up to 1.90 V and this region is complementary to the Li insertion 
at the sloped region (1.73-1.00 V). However, it is important to note that the amount of 
Li
+
 extracted up to 1.9 V upon charging is found to be less than the inserted Li during the 
sloped region at the end of the discharging process. Extraction capacity up to 1.90 V is 
87, 73 and 70 mAh/g for C16-TiO2, C12-TiO2 and C8-TiO2 respectively. At 1.90 V 
continuous extraction of Li occurred during the plateau, followed by a curved solid 
solution regime up to 3.00 V. The total extraction capacity is 272, 242 and 224 mAh/g 
for meso C16-TiO2, C12-TiO2 and C8-TiO2 respectively. Li extraction at the 1.90 V 
plateau is similar to the insertion plateau at 1.73 V. Long and flat charge/discharge 
voltage profile of the mesoporous TiO2 observed at 1.73 and 1.90 V corresponds to the 
characteristic bi-phasic electrochemical reaction.
[39k, 43] 
Upon subsequent Li 
insertion/extraction processes, the extraction plateau at 1.90 V did not alter, while the 
potential for insertion plateau increased slightly from 1.73 to 1.77 V. 
Above results suggest that the intercalation of Li into the interstitial octahedral 
sites of the anatase phase of all the meso-TiO2 samples reported here is highly reversible, 
whereas Li
+




reactions with liquid electrolyte due to the large surface area of meso-TiO2 are not fully 
reversible and seem to cause a decrease in the columbic efficiency of the first cycle. 
However, in the subsequent cycles, short voltage plateau observed near 1.56 V for 
discharging was vanished and also the conductivity of meso TiO2 was increased
 [2i]
 by 
the residual Li which results in the improvement of coulombic efficiency in the 
subsequent cycles. The cyclic performance after 5
th
 cycle is quite reproducible, at the end 
of the 10
th
 cycle onwards the coulombic efficiency of C16-TiO2, C12-TiO2 and C8-TiO2 
recorded as 98, 98.2 and 97.7 % respectively. Insertion capacity achieved at the end of 
30
th
 cycle is found to be 256.7, 230 and 217 mAh/g for meso C16-TiO2, C12-TiO2 and 
C8-TiO2 respectively. Discharge/Charge capacity of the plateau observed at 1.73 V and 
1.90 V are extremely stable upon cycling. In all the meso-TiO2 samples investigated 
here, the capacity loss occurred mainly at the sloped region within the potential window 
1.73–1.00 V.  
Fig. 5.8 depicts the trend in the discharge/charge capacities versus cycle number 
at 0.2 C (66 mA/g) rate. All the meso-TiO2 samples show good reversibility with 
excellent performance upon successive cycling up to 30 cycles. Reversible capacity 




 in the case of C16-TiO2, C12-TiO2 and C8-
TiO2 lies in the range of 268-256, 242-230 and 232-217 mAh/g respectively, whereas, it 





Figure 5.8 Plot of capacity versus cycle number for mesoporous TiO2 from C8, C12 and 
C16 surfactants at 0.2 C rate. Solid lines are guide to eyes. 
 
5.4.4.2  Long term cycling  
These template-directed meso-TiO2 materials possess favourable morphological 
stability which helps to alleviate the structure damage if any caused by insertion and 
extraction processes during the cycling. Fig. 5.9 shows the long term galvanostatic cyclic 
performances of meso C16-TiO2 sample at 2 and 5 C rate. Under 2C rate (670 mA/g) 
200 cycles were carried out. Reversible capacity of 195 mAh/g and 177 mAh/g was 




 cycle respectively. At 5C rate (1675 mA/g) reversible 





The observed capacity degradation was found to be just 0.05 mAh/g per cycle. In 
addition to this, the observed columbic efficiency was found to be more than 99 % 
during these long term cycles, Whereas, in the case of 3-dimensionally ordered 









Figure 5.9 Long term cyclic performance of meso-TiO2 at (a) 2 C and (b) 5 C. 
 
Our soft-template mediated meso-TiO2 exhibits stable morphology with improved 
cyclability even after 500 cycles at high rates. In the field of lithium-ion batteries, it is 
worth mentioning that robust structures with smaller transport pathways are often 
desired. Unlike TiO2 nanoparticles of 5-20 nm reported earlier, the meso-TiO2 exhibits 
not only smaller transport pathways for Li
+
 ions within the grains, but also less volume 
change. More importantly grains remain well connected without pulverization for many 
cycles and open pores in the range 5.7 – 7.0 nm allow desired penetration of the liquid 
electrolyte throughout the volume of the particles, providing easy access for Li
+
-ions at 
the grains which are located at the centre of the particles. Such Li
+ 
ions availability is 






5.4.4.3 Rate capability  
 
Figure 5.10 Charge–discharge voltage profiles of various meso TiO2 (a) C8-TiO2, (b) 
C12-TiO2 and (c) C16-TiO2 at various C rates (data the second cycle). 
 
Upon increasing the C rate, it is known that the polarization of the electrode 
material which is reflected in terms of potential difference between the discharge/charge 
plateaus increases as well as the electrolyte resistance increases, thereby reducing the 
storage capability of the electrode.
[45]
 Fig. 5.10 shows the voltage-capacity profile of all 
the meso-TiO2 samples at different current densities between 1.0-3.0 V. While increasing 
the rate, the Li insertion plateau at 1.77 V becomes steeper and vanishes at 10 C in all the 
meso TiO2 samples, whereas the Li extraction plateau observed at 1.90 V is still present 
even at 10 C but at a slightly higher potential (2.2-2.5 V). This observation indicates that 









Figure 5.11 Cycling performance of various meso TiO2 (a) C8-TiO2, (b) C12-TiO2, (c) 
C16-TiO2 and (d) com-TiO2 at various C rates (rate capability). For C16-TiO2 the rate 
performance is tested up to 30 C. 
 
High-rate performance is one of the significant electrochemical aspects of the 
LIB for high power applications such as HEV and EV.
[46]
 The insertion/extraction 
capacity of meso-TiO2 was studied at different C rates and are illustrated in Fig. 5.11. 
Excellent specific storage capacity is achieved for discharge/charge rates tested up to 10 
C. The reversible capacity is about 268, 220, 138, and 134 mAh/g at 0.2, 1, 5 and 10 C 
respectively for C16-TiO2. Table 2 compares the reversible capacities at different C-rates 
for C16-TiO2, with those for C12-TiO2, C8-TiO2 and com-TiO2. On the best sample 




5.11 and Table 2. Even at 30 C rate, a reversible storage capacity of 107 mAh/g is 
observed, which is comparable to that of RuO2-TiO2
[47]




Table 2 Comparison of the reversible capacities at different C rates of various TiO2. 
Rate Capacity, mAh/g 
C rate C16-TiO2 C12-TiO2 C8-TiO2 Com-TiO2 
0.2 C 268 242 232 70 
1 C 220 193 179 20 
5 C 138 97 93 10 
10 C 134 96 91 - 
20 C 123 - - - 
30 C 107 - - - 
 
5.4.4.4 Comparison of surface area with storage performance  
Above results suggest that when the chain length of the surfactant is increased 
from C8 to C16, an increase in the pore size and specific surface area is observed from 
5.7 nm to 7.0 nm and 90 to 135 m
2
/g respectively and this has a strong impact on the 
electrochemical storage behaviour of the meso-TiO2. In short, CTAB templated 
mesoporous TiO2 showed the best storage performances at various current densities 











 cycles) as a function of their specific 
surface area (solid lines are drawn for guide to eyes). 
 
It is believed that high surface area favours efficient contact between active materials and 
electrolytes thereby providing more active sites for the electrochemical reactions. The 
surface area of mesoporous C8-TiO2, C12-TiO2 and C16-TiO2 are found to be 90, 109 
and 135 m
2
/g respectively. Fig. 5.12 depicts the Li insertion capacities of all the meso 







 cycles) in the figure for the sake of clarity. The observed 
trend in the Li insertion capacities is as expected that is a decrease in specific surface 
area resulted in a decrease in the lithium storage capacity.
[36]
 While comparing the meso 
C16-TiO2 with previous reports published on the mesoporous TiO2, C16-TiO2 sample 
synthesized in the present study using soft-template methodology exhibits relatively 




rates (0.2 C) as well as at higher current rates (10 C).
[28, 48]
 However, when compared 





 meso C16-TiO2 exhibits equal and in some cases slightly better 
electrochemical performance. Yet another point to be noted is that the synthesized 
mesoporous TiO2 used in the present investigation shows better performance at 10 C rate 
when compared with the mesoporous TiO2,
[40c]
 and RuO2 coated TiO2 reported in the 
past, where RuO2 was used to improve the rate performance.
[28]
 It is worth analyzing the 
superior storage performance observed for the meso-TiO2 in the present investigation 
synthesized via soft-template approach. As discussed in the introduction, enhanced 
storage capacity is observed in meso-TiO2 due to enhanced active electrochemical sites. 
Relatively high surface area of 135 m
2
/g is achieved for C16-TiO2 synthesized in the 
present study when compared to those reported in literature for example, 130 m
2
/g for 
meso-TiO2 synthesized using Ti-Cd precursor 
[28]
 and 90 m
2
/g in the case of Brij56 
templated meso-TiO2 synthesized by Kubiak et al.
[45]
 These three samples exhibit 
storage capacity of 268, 210 and 184 mAh/g at 0.2 C respectively. 
5.4.4.5 Meso C16-TiO2 electrodes without carbon 
Though, the crystallite sizes of mesoporous C16 or C12 or C8-TiO2 reported here 
are in the range 15-20 nm and comparable to that of P25 nanopowder (25 nm), the 
electronic transport is expected to be significantly different in these two cases. In P25 
loosely connected grains having free surfaces, the electrons are transported from grain to 
grain across well defined boundaries at their contact. It is highly improbable that each 
nano grain is connected to the current collector through additive carbon particles. On the 
other hand, micron sized mesoporous TiO2 particle (2-3 µm) has nearly 100-150 grains 




and these grains are well connected at their interfaces. It is believed that this unique 
connectivity between the nano-grains in meso-TiO2 facilitates the electron transport 
almost like a channel within the TiO2 particles. Once the electrons reach the surfaces of 
the particles, they are contacted to the current collector via 15% conductive carbon. As 
the electronic conductivity within the mesoporous materials is the major rate limiting 
factor
 [26]





and high surface area, we presume that the facile electronic transport 
due to channel like conduction pathways within mesoporous TiO2 particles is responsible 
for their superior storage performance.  
 
Figure 5.13 Charge/discharge voltage profiles of C16-TiO2 (electrodes without carbon) 
at (a) 0.2 C and (b) 1 C. 
 
In order to infer explicitly the influence of additive conducting carbon particles 
(15%) during the storage processes of meso-TiO2, we tested the battery performance 
without carbon additive. For this purpose, we used electrodes comprising of 85% of 
meso-TiO2 and 15% of PVDF binder. Fig. 5.13 presents the storage performances of 
C16-TiO2 without carbon additive at selected rates 0.2 and 1 C. It is worth mentioning 
that the electrode made without conductive carbon exhibits equally good storage 




However, the cyclic as well as the high rate performances of meso-TiO2 without carbon 
is relatively poor. In the case of P25-TiO2 electrode fabricated without carbon additives, 
it shows very poor storage capacity and cyclic stability under similar conditions.  
5.4.4.6 Electrochemical Impedance Spectroscopy (EIS) 
 
Figure 5.14 Nyquist plots at various moles of Li (Discharge) for (i) C16-TiO2 electrodes 
with and (ii) without carbon. (a = OCV, b = 1.775V, c = 1.750V and d = 1.000V). 
 
Fig 5.14a and 5.14b present Nyquist plots of impedance spectra recorded on 
meso-TiO2 with and without carbon additive at various states of discharge. The 
impedance spectrum comprises of an internal resistance of the battery at high 
frequencies, a depressed semicircle at the middle frequencies characteristic of a charge 
transfer process at interfaces or boundaries and a slope at low frequencies representing 
the diffusion process for the charge transport. It is seen that the impedance spectra for 
meso-TiO2 electrodes with and without conductive carbon look quite similar except 
those at the open circuit voltages prior to lithiation (refer to the impedance spectra for 
location a in both samples), suggesting similar electronic conduction as well as transfer 
processes in both electrode materials irrespective of the additive, conducting carbon. It is 




is a consequence of the unique character of well sintered nano-grains (at interfaces) of 
meso-TiO2 thus forming a facile electronic transport path with long diffusion length as in 
1D single crystalline nanorods.
[50]
 We assume that this enhanced diffusion length for 
electrons in meso-TiO2 is because of the formation of accumulation of electrons at the 
grain/grain contact or interfaces.
[51]
 Such accumulation of electrons at the interfaces 
would facilitate the electronic conduction across the grains almost like in a 1D single 
crystalline nanorods. Analogous nano-size effects have already been demonstrated in 
multilayer‟s of CaF2/BaF2 resulting in enhanced ionic conduction by several orders of 
magnitude.
[52]
 This explains why meso-TiO2 has a long diffusion path for electrons with 
no impedance at the grain boundaries compared to isolated P25 particles, favouring 
highly reversible capacity in the meso-TiO2. Further support for the enhanced diffusion 
path in meso-TiO2 is evident from the high solar energy conversion efficiency of 7.5% 
obtained in dye-sensitized solar cells using the same meso-TiO2 compared to P25 
nanopowders which showed a conversion efficiency of 5% under the same conditions.
[53]
 
Formation of reduced layer LixTiO2 at the surfaces of meso-TiO2 providing a continuous 
electronic conduction path along well connected grains compared to loosely compacted 
P25 grains cannot be excluded. Such conductive wiring could also explain the extraction 
of electrons at low rates across several grains (~ 1 million) within a particle of 2-3 
micron though there is no carbon additive. The poor rate performance of meso-TiO2 
without carbon additive suggests that the transport of electrons at the contact of the 
meso-TiO2 particles is not significantly high enough to facilitate rapid lithium insertion 
or extraction. However carbon additives provide a conductive wiring for efficient charge 




5.4.5 Comparison between the commercial and meso C16-TiO2 
 
Figure 5.15 Comparison of (a) meso and (b) commercial TiO2 samples (1g each). 
 
Fig. 5.17 illustrates the volume occupied by the synthesized meso-TiO2 and 
commercial TiO2 (P25) nanopowder. Though meso-TiO2 exhibits high surface area, it is 
worth mentioning that they occupy less volume, resulting in high tap density compared 
to the commercial nanopowder. Tap density of meso-TiO2 was found to be 0.714 gcm
-3
 
whereas, com-TiO2 has 0.108 gcm
-3
 which is 6.6 times lower compared to meso TiO2 
(Fig. 5.15). Thus, we have shown here that the mesoporous TiO2 exhibits high storage 
capabilities as well as significantly high tap density hence having high volumetric 
storage capacity compared to TiO2 nanopowder. It may be noted that high volumetric 
storage capacity is highly relevant for LIB technology, since less volume of electrode 
material could be used to achieve high energy density, thereby reducing the volume of 





Micron sized mesoporous titanium dioxide was prepared with a grain size of 
15-20 nm through soft-template approach using various cationic surfactants with 
different chain length. As-synthesized meso-TiO2 was characterised using PXRD, SEM, 
HRTEM and SAED. Surface area analysis clearly shows the importance of surfactant 
chain length on the pore size and the specific surface area of meso-TiO2. CTAB 
templated C16-TiO2 exhibits high surface area of 135 m
2
/g with a best electrochemical 
performance among the other meso-TiO2 reported in literature. Nano-pores of the meso-
TiO2 favour the liquid electrolytes to wet the TiO2 completely so that rapid Li
+
 
insertion/extraction could be achieved. The superior storage behaviour observed in meso-
TiO2 without any conductive surface coating synthesized by soft-template method is 
attributed to the large surface area and enhanced electronic diffusion length due to nano-
size effect. We present herewith yet another classic example where nano-size results in 
favourable conduction path across well contacted grains of anatase within the meso-TiO2 
particles, hence improving the charge collection during lithium storage at high rate. 
Meso-TiO2 thus exhibits excellent cyclic stability with the reversible capacities close to 
the theoretical value at low rates and a remarkable high rate performance up to 30 C. The 
volumetric storage capacity of meso-TiO2 is expected to be higher than that of the 
commercially available TiO2 nanoparticles. Results reported here support meso-TiO2 to 
be a promising anode material for high rate LIB applications and the synthetic 
methodology used in this study is very simple and yields a high quality mesoporous 
anatase especially in bulk quantity a key requirement for industry applications compared 
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Chapter 6. Lithium storage in metal organic 
framework with diamondoid topology - Case 







6.1 Preface to Chapter 6  
In this chapter, a systematic investigation on the electrochemical performance of 
as-synthesized metal organic framework (MOF) Zn3(HCOO)6 – FOR1 with diamondoid 
structure for Li storage using conversion reaction at low potential is described. Nearly an 
invariable capacity of 560 mAh/g (9.6 moles of Li) was obtained up to 60 cycles at 60 
mA/g within the voltage range, 0.005-3.0 V. The regeneration of MOF during the 
cycling and improved cyclability is evidenced from the electrochemical results along 
with ex-situ PXRD, FT-IR and TEM studies. The electrochemical cycling suggests that 
metal formate frameworks react reversibly with Li through conversion reaction. The 
matrix involved during the cycling was lithium formate rather than the typical Li2O and 
this is well supported by the ex-situ FT-IR results. The thermodynamic feasibility to 
transform the lithium formate to transition metal formate is highly favored than from 
Li2O and this is further confirmed by reacting lithium formate with respective transition 
metal nitrates. The reversible formation or regeneration of FOR1 MOF plays a vital role 
in attaining the superior Li storage performance. Ultimately, the observation of improved 
storage performance and good cycling stability of other Co3(HCOO)6 – FOR3, and 
Zn1.5Co1.5(HCOO)6 –FOR4 and the overall simple and eco friendly synthesis method 
demonstrate that robust, thermally stable MOFs are one of the prospective class of 
electrode materials for next generation Li ion batteries (LIBs). 
**
 
Work described in this Chapter has been published /presented in the following 
journal /conference:  
1. J. Mater. Chem. 2010, 20, 8329–8335 
2. 1st China-India-Singapore Symposium on Crystal Engineering, Department of 





6.2 Introduction  
MOFs have been proved to be one of the potential materials for gas storage, 
chemical separations, selective catalysis and drug delivery.
[1]
 MOF materials have also 
attracted considerable interest in recent times as electrode materials for LIBs.
[2]
 
Utilization of redox active MOF – MIL-53(Fe) [Fe(OH)0.8(F)0.2(O2C-C6H4-CO2] material 
as cathode for LIB has successfully resulted in the Li
+
 insertion/de-insertion to the extent 









 ion uptake in this MOF was extended from 0.6 to 1.2 mole during the first cycle 
by inserting an electroactive organic guest molecule 1,4-benzoquinone within the cavity 
of the framework [MIL-53(Fe)_qui] and upon further cycling, this reverts to the parent 
MOFs storage capacity.
[2c]
 Though insertion of 2 more Li
+
 per mole of 1,4-benzoquinone 
ligand is possible in principle compared to the parent MIL-53(Fe), this could not be 
achieved practically due to the solubility of the guest molecule in the electrolyte.   
On the other hand, the first report on MOF-177 [Zn4O(BTB)2 where BTB = 
1,3,5-Benzenetribenzoate] as an anode material for LIB suggested that Li storage occurs 
through conversion reaction however, it was hampered after the first few cycles.
[3]
 The 
poor storage performance and cyclability were due to the irreversible structural 
destruction of the MOF framework. The capacity obtained in the second cycle was only 
105 mAh/g reaching only 55% of the theoretical capacity (190 mAh/g).
[3]
 Such persisting 
problems like the ability to achieve only partial insertion of Li
+
 in the MIL-53(Fe) 
framework and irreversible destruction of the MOF-177, still keep the options open for 
researchers to discover new MOF materials as electrodes for LIBs with better 
performance. Investigation of simple formate bridged MOFs as anodes for LIB in this 




framework material with 30 % of its volume occupied by solvents could be isolated by 
an easy and convenient synthesis.
[4]
 Secondly, the presence of pores in the MOF and the 
ability to tune the lattice volume of the framework may assist in the breathing of the 
material and further enhancement in cyclability can be achieved. Despite these 
advantages, the conversion reaction looks more favorable for this type of MOFs with 
M
2+
 metal ions rather than the insertion/deinsertion reaction.
[3]
 In this context, it is worth 
exploring whether the formate bridged MOF can be converted to lithium formate MOF 
upon Li incorporation during discharging and vice versa on charging, leading to long 
term cyclability rather than poor cyclic performance as in MOF-177 reported 
previously.
[3]
 If the reaction of formate bridged MOF with Li during discharge results in 
the formation of Li2O instead of lithium formate, probably the MOF cannot be 
regenerated.
5
 But, the reports on the Li containing nanoscale ZnO or organometallic 
lithium-zinc complex assisted catalytic conversion of water gas to formic acid and the 
isolation of Zn(HCOO)2·2H2O while using the organometallic complex as a catalyst in 
this process support that the only possible conversion or regeneration product of the 
evolved gases (CO/CO2/H2) during discharge in a typical lithium battery experiment is 
expected to be formic acid.
[5]
 This in turn can promote or kinetically favor the formation 
of lithium formate MOF instead of the Li2O as evidenced from the literature.
[5]
 The 
introduction of formate bridged MOF as lithium storage material depends also on the 
possibility to remain as formate based MOF upon cycling. Moreover, the feasibility to 
reform the transition metal formates is highly favored from lithium formate than from 
Li2O thermodynamically (Table-1). Hence, it may be worth investigating this hypothesis 





Table-1 Gibbs free energy calculation favours the formation of lithium formate (Eqn-1) 
than ZnO/Li2O formation (Eqn-3). 
 
Zn3(HCOO)6 + 6 Li
+
 + 6 e
-





G = Gp-Gr 
(KJ/mol) 
       -864.8          -612          -360 















-864.8 -307 -394 -137 0 +26 















-864.8 -367 -307 -137 0 -84 
 









 a few metal carbonate
[10]
 and metal oxysalts
[11]
 have also 
been recently introduced as anode materials using conversion reaction, however these 
recent reports highlight the importance of nanosized materials compared to the bulk 
materials. This chapter describes the systematic investigation carried out on as-
synthesized metal formates (Zn, Co and Zn1.5Co1.5) for Li storage using conversion 
reaction at low potential. The regeneration of MOF during the cycling and the improved 
cyclability is evidenced from the electrochemical results along with ex-situ PXRD, FT-




6.3 Experimental Section 
All the chemicals were used as received without further purification. All the 
solvents used were of reagent grade.  
6.3.1 Synthesis of MOFs FOR1-FOR4 
The solvated diamondoid M3(HCOO)6·CH3OH·H2O (M = Zn, Co) MOFs were 
synthesized according to the literature procedure.
[4e, 4f]
 The desolvated diamondoid MOF 
FOR1 (M = Zn), FOR3 (M = Co) was obtained by removing the solvent molecules from 
the crystal lattice by heating the compound at 90 C for 5 h under vacuum. Elemental 
analysis, IR, PXRD, and TGA of these complexes matched well with the reported 
values.
[4f]
 The hydrated MOF - Zn(HCOO)2·2H2O (FOR2) was obtained by varying the 
pH of the formic acid and triethylamine mixture to pH 4 by addition of few drops of 
excess formic acid and following the procedure similar to FOR1. Elemental analysis, IR, 
PXRD and TGA of FOR2 matched well with the reported values.
[5]
 In case of FOR4 - 
Zn1.5Co1.5(HCO2)6, 5 mmol of Zn(NO3)2·6H2O and 5 mmol of Co(NO3)2·6H2O were 
used instead of 10 mmol of Zn(NO3)2·6H2O as given in the reported procedure.
[4f]
 The 
ICP analysis confirmed the equal proportions of metal ratio in FOR4. Elemental analysis 
(%) calculated for C6H6O12Zn1.5Co1.5: C, 15.46; H, 1.30; found: C, 15.68; H, 1.35. 
6.3.2 Structural and Electrochemical Characterization 
Infrared spectra were recorded on a Perkin Elmer 1600 series FT-IR spectrometer 
with KBr disk. Elemental analyses were carried out using the elemental analyzer 
(Elementar Vario MICRO CUBE). X-ray powder diffraction patterns (PXRD) were 
recorded on a Siemens D500 diffractometer with graphite monochromatised Cu-K 
radiation ( = 1.54056 Å) at room temperature (23 C). The accelerating voltage and 




record the PXRD patterns. Water present in the compounds were determined from an 
SDT 2960 TGA thermal analyzer with a heating rate of 5 C min-1 in a N2 atmosphere 
using 5-10 mg sample for each run. Scanning electron microscopy (SEM) images were 
taken after platinum coating using a JEOL JSM-6700F field emission scanning electron 
microscope operated at 5 kV and 10 mA and high resolution transmission electron 
microscopy (JEOL JEM-2010) was used to study the morphology. Details of the 
electrochemical characterization have been described previously in chapter 2. 
6.4 Results and Discussion 
6.4.1 Crystal Structure and Thermal Stability 
 
 
Figure 6.1 PXRD patterns of MFOR [M = Zn3(HCOO)6·(FOR1), Co3(HCOO)6 (FOR3) 
and ZnCo3(HCOO)6·(FOR4)] with their simulated PXRD pattern. 
 
The MOF with diamondoid structure, M3(HCOO)6·CH3OH·H2O (M = Zn, Co 
and ZnCO) was synthesized as reported earlier.
[4f]




synthesized complex matched well with the simulated PXRD pattern from the single 
crystal data (Fig. 6.1).
[4f]
 The peaks due to the PXRD traces of the easily accessible 
M(HCOO)2·2H2O
[5]
 and the rare high temperature and pressure assisted form 




Figure 6.2 TG and DTA of MFOR (a) M = Zn3(HCOO)6·(FOR1), (b) Co3(HCOO)6 
(FOR3) and (c) ZnCo3(HCOO)6 (FOR4). 
 
The desolvated MOF M3(HCOO)6 was obtained by evacuating the sample at 90C for 5 h 
as reported. These metal formates are stable up to 300C and decomposed further to the 






6.4.2 Galvanostatic Cycling and Rate capability  
The galvanostatic charge/discharge profile of FOR1 from 1-60 cycles is shown in 
Fig. 6.3. During the first cycle (Fig. 6.3a), the cell was discharged from the open circuit 




Figure 6.3 Galvanostatic charge/discharge cycling curves for FOR1 (a) first cycle (b) 
selected cycles and (c) capacity vs. cycle number plot [Current density of 60 mA/g 
(0.11C) (1C refers to a capacity of 520 mA/g in 1 h)] was used between the voltage 




The voltage contour comprises two plateau regions at 1.8 and 1.43 V until a capacity of 
233 mAh/g (consumption of 4.03 moles of Li per mole of FOR1). Followed by those 
plateaus, the potential sloped continuously to the cut-off voltage, 0.005 V resulting in a 
storage capacity of 1344 mAh/g. The first-charge profile increased monotonously up to 
the upper cut-off voltage (3.0 V) without any clear voltage plateau regions (Fig. 6.3a). 
 
Figure 6.4 (a) rate capability (b) charge–discharge voltage profiles at various C rates for 
diamondoid FOR1. Potential window 0.005 – 3 V. 
 
The overall charge capacity was found to be 693 mAh/g (~11.9 moles of Li). The second 
discharge differs significantly from the first without any plateau and the capacity values 
extracted for the discharge and charge cycles were found to be 719 and 590 mAh/g 




first few cycles (Fig. 6.3c), nearly invariable capacity of 560 mAh/g (9.6 moles of Li) 
was obtained up to 60 cycles within the voltage range, 0.005-3.0 V. The coulombic 
efficiency (difference between discharge and charge capacities) has been found to be > 
97 % after 10 cycles. 
The discharge/charge behavior of FOR1 studied from 0.2 to 3 C rate (Fig. 6.4a) 
shows the ability of the material to achieve excellent specific storage capacity at different 
C rates. The reversible capacity was about 406, 375, 351, 331, 304, 280 and 265 mAh/g 
at 0.2, 0.38, 0.57, 0.77, 1, 2 and 3 C respectively. Fig. 6.4b reveals that at each C-rate 
reversible capacity remained unchanged during cycling. By decreasing the C-rate from 3 
C to initial rate, the reversible capacity increases to 505 mAh/g which is 97 % of its 
theoretical capacity. It is worth to note that FOR1 shows good rate capability for long 
term cycling, up to 180 cycles with more than 98 % reversible storage from 2
nd
 cycle 
onwards compared to the reported MOF-177 which has shown only 55 % of the 
theoretical capacity after the first cycle.
[3]
 While comparing with bulk and nano ZnO 
reported in the literature, FOR1 exhibits better electrochemical performance, excellent 
cycling stability and better rate capability.
[12]
 Though ZnO has a high theoretical capacity 
of 978 mAh/g, the discharge capacity of just 200 mAh/g or lesser was only retained after 
10 cycles in most of the commercial or bulk ZnO.
[13]
 
6.4.3 Ex-Situ Studies: PXRD, FT-IR and TEM  
To ascertain the electrode composition under discharged and charged states upon 
galvanostatic cycling, ex-situ PXRD, FT-IR and TEM studies were carried out on several 
replica cells after careful recovery of the electrodes by cleaning them inside the glove 




discharged (0.005 V) and charged (3.0 V) electrode for the first and 60
th
 cycle indicates 
the X-ray amorphous nature of the electrode composition (Fig. 6.5). 
 
Figure 6.5 Ex-situ PXRD patterns of the electrodes of (a) bare FOR1 and those (b) 
discharged to 0.005 V, (c) charged to 3.0 V and (d) after 60 cycles. Lines due to Cu-
current collector are marked with *. 
 
These results were unable to provide information neither on the molecular composition 
nor on the three dimensional crystal structures of the products formed. Hence, FT-IR 
studies on the cycled electrodes in both the states were carried out to follow the structural 
changes. 
The presence of characteristic formate ion peak in FT-IR at 1632 cm
-1
 for FOR1 
in the bare electrode as well as in both the discharged and charged electrodes (Fig 6.6) 
demonstrates that the formate ions are reversibly involved in the cycling. This is 
significantly different from the traditional conversion oxide electrodes and MOF-177, as 






 The absence of characteristic FT-IR signal
 
for ZnO or Li2O even after 60 cycles 
in the cycled electrodes implies that the formate ion is intact throughout the long term 
cycling (Fig. 6.6). 
 
Figure 6.6 FT-IR spectra of the FOR1 (a) bare electrode, (b) discharged at 0.005 V, (c) 




Figure 6.7 (a) TEM image (b) HRTEM image (lattice fringes of (100) plane is given in 
the inset) and (c) SAED pattern of diamondoid FOR1 after 30 cycles at a rate of 60 mA/g 





The TEM image of diamondoid FOR1 after 30 cycles shown in Fig. 6.7a reveals 
that the plates did not suffer severe deformation due to the conversion reaction until 30 
cycles. SEM and TEM images of the bare FOR1 are given in Fig. 6.8 for the comparison. 
 
Figure 6.8 FESEM (a,b) and TEM (c,d) images of FOR1. 
 
The lattice fringes of the HRTEM image of FOR1 after 30
th
 cycle confirms the 
crystallinity of the sample (Fig. 6.7b). The different crystal planes from neighbouring 
lattice fringes having a width (lattice spacing) of 4.877 and 4.187 Å correspond to (020) 
and (013) planes of the diamondoid FOR1. Especially, the presence of lattice fringes 




confirms the reformation of diamondoid FOR1 during the reversible conversion reaction 
(at charged state). It may be noted that similar lattice spacing‟s have also been observed 
in other areas of the grid. Moreover, various electron diffraction spots in the SAED 
pattern of FOR1 (Fig. 6.7c) are in very good agreement with the different planes of 
simulated PXRD pattern of the diamondoid crystal structure (Fig.6.9).  
 
Figure 6.9 PXRD patterns of FOR2 and dehydrated FOR2 with the simulated PXRD 
patterns of FOR1 and FOR2. 
 
6.4.4 Galvanostatic Cycling and Ex-Situ studies of FOR2 system 
It may be noted that on varying the pH to 4 with the same reaction conditions for 
FOR1, most easily accessible formate bridged hydrated MOF Zn(HCOO)2.2H2O (FOR2) 
(Fig. 6.9) has been isolated.
[4a, 4b, 4d, 4e]




we could obtain crystal to crystal transformation from hydrated form FOR2 to 
unhydrated FOR1. This has been confirmed by the PXRD pattern of the dehydrated 
FOR2 which matched well with the FOR1 (Fig. 6.9). The cyclic performance of the as-
synthesised FOR2 has also been carried out under similar conditions for up to 50 cycles 
(Fig. 6.10) to understand the regeneration of the formate ion during the cycling. Even 
Though FOR2 has two coordinated water molecules in the system, it displayed a 
qualitatively similar plateau behavior to that of diamondoid FOR1. 
 
Figure 6.10 Galvanostatic charge/discharge cycling curves for FOR2 (a) 1
st
 cycle and (b) 
selected cycles (Current density of 60 mA/g (0.11 C). Potential window 0.005 – 3 V, 





However, as expected FOR2 exhibited larger irreversible capacity loss (ICL) as 
compared to FOR1. The first-discharge and charge capacities of the FOR2 were found to 
be 2504 and 670 mAh/g (Fig. 6.10). It is well known that the ICL is due to the formation 
of solid electrolyte interphase (SEI) upon deep discharge (to 0.005V vs. Li/Li
+
). 
Irremediable consumption of Li and decomposition of the solvents (liquid electrolyte) 
take place due to the above two processes.
[14]
 Still, the large ICL observed in FOR2 is 
mainly contributed by the hydrated water. After the initial cycle, the ICL value started to 
diminish and the capacity was found to be stabilized to a more or less constant value of 
415 mAh/g. This raises a question whether the reformed zinc formate is FOR1, FOR2 or 
any other forms. Interestingly, HRTEM image of FOR2 after 30 cycles, shows clearly 
the presence of lattice fringes with the interplanar spacing of 8.77 Å (Fig. 6.11) 
corresponding to the unique peaks of (100) diamondoid FOR1 plane in PXRD pattern 
(Fig. 6.9). This confirms the formation of FOR1 phase upon charging of FOR2 via 
conversion reaction.  
 
Figure 6.11 (a) HRTEM image and (b) SAED pattern of FOR2 after 30 cycles at a rate 





The observed transformation from FOR2 to FOR1 on dehydration reiterates that only 
FOR1 is the possible structure during reversible conversion reaction and not the FOR2 in 
both the zinc systems under investigation. It is worth mentioning that no sign of metal 
oxide (e.g., ZnO and Li2O) in the ex-situ HRTEM and SAED data of the electrodes upon 
charging have been observed. Thus, we propose the following model for the conversion 
reaction of the sample FOR2 as shown in Fig. 6.12. 
 
Figure 6.12 Proposed product formation of FOR1 from FOR2 upon charging through 
conversion reaction. Color Scheme: C grey, O Red, Zn purple or blue. FOR1 – Zn atoms 
in the center (purple) and apices (blue) of the tetrahedron units of the diamondoid. FOR2 
– Zn atoms with only formate coordination is in purple and the water and formate 
coordinated one is highlighted in blue color. 
 
6.4.5 Cyclic Voltammetry 
The cyclic voltammograms of diamondoid FOR1 vs Li as shown in Fig. 6.13a 
compliment the proposed reaction mechanism in the formate samples. During the first 
cycle, intense cathodic (reduction, Li-insertion) peaks at 1.8 and 1.3 V (circled as A) 
correspond to the amorphisation and the formation of Zn nanoparticles and lithium 
formate (Eqn. 1 below). The long tail at potential below 0.5 V and broadening up to 






 In the successive first anodic sweep (Li-extraction), there are 
clusters of oxidation peaks in the potential range of 0–0.85 V (circled as C), which can 
be ascribed to a multi-step dealloying process of Li–Zn alloy (LiZn, Li2Zn3, LiZn2 and 
Li2Zn5).
[16]
 The broad anodic peak at ~1.17 V is indicative of the reformation of FOR1 
(circled as D). The second discharge sweep (Li-insertion) and subsequent cycles (2-10) 
differ from the first and show very good reproducibility without alteration in the peak 
shape. The CV (61-70 cycles) recorded after subjecting the diamondoid FOR1 electrode 
galvanostatically to 60 cycles at 60 mA/g in the range of 0.005-3.0 V as shown in Fig. 
6.13b, overlap well and demonstrate the good reversibility of the discharge-charge 
reactions. 
 
Figure 6.13 (a) cyclic voltammograms (CVs) of FOR1 (1-10 cycles) (b) CVs of 61-70 
cycles after subjecting the cells in to 60 galvanostatic cycles at 0.11 C-rate (in the 
potential window, 0.005 -3.0 V vs. Li at the scan rate of 0.058 mV/s). 
 
6.4.6 Reaction Mechanism 
Based on the galvanostatic cycling, cyclic voltammetry along with ex-situ XRD, 
FTIR, TEM and SAED data, we propose the following reaction mechanism in which the 
diamondoid FOR1 reacts reversibly with Li via „conversion‟ reaction to form Zn 




followed by Li-Zn alloy formation on deep discharge to 0.005 V (Eqn. 2). Upon the 
subsequent charge cycles, the alloy slip back to metal nano-particles which in turn form 
zinc formate as per the forward reaction (Eqns. 4 and 5). The reported studies on Zn-Li 
alloy support the reversibility of Zn-Li system as shown in the equation.
[15]
 
Zn3(HCOO)6 + 6 Li
+
 + 6 e
-
  3Zn + 6HCOOLi   ----------------------(4) 
3 Zn + 3 Li
+
 + 3 e
-
  3 LiZn    -----------------------(5) 
The calculated Gibb‟s free energies of lithium formate and FOR1 tend to support the 
reaction between Zn and lithium formate providing further clues that the subsequent 
conversion to FOR1 is thermodynamically more favoured. This may also mean that 
formation of lithium formate is preferred over the respective oxides.
[17]
  
6.4.7 Galvanostatic Cycling of FOR 3 and FOR4  
To ascertain the feasibility of only conversion reaction in the metal formate based 
system, isomorphic Co3(HCO2)6 (FOR3) has been chosen (Fig. 6.14) in which the 
formation of Co during conversion reaction does not alloy with Li. Though capacity 
degradation has been observed for initial 10 cycles, the capacity was found to be 
stabilized to more or less constant value of 410 mAh/g for 60 cycles (Fig. 6.14) which is 
equivalent to 6.8 moles of Li per formula unit and the reversibility of diamondoid FOR3 
was found from the voltage–capacity contour. This demonstrates that the FOR3 reacts 
reversibly with Li via conversion reaction (Eqn. 6).  
Co3(HCOO)6 + 6 Li
+
 + 6 e
-
  3Co + 6HCOOLi--------------(6) 
To confirm the feasibility of reversible transformation observed in the electrochemical 
cycling of transition metal formates [MFORs M = Zn and Co)] to lithium formate and 




insertion process, 1 mmol of FOR3 has been allowed to react with 5 M methanolic 
solution of LiNO3 at 50 °C for 5 h. The similarity in the PXRD pattern of the compound 
obtained before and after lithiation reveal that the Li ions are only exchanged or 
substituted with the Co atom in the formate framework. The substitution of 27 % of Co 
per formula unit in FOR3 could be achieved in 5 h as estimated by ICP clearly revealing 
the feasibility of conversion to lithium formate. 
 
Figure 6.14 Galvanostatic discharge/charge cycling curves for FOR3 (Co3(HCOO)6) (a) 
1
st
 cycle (b) selected cycles and (c) capacity vs. cycle number plot (current density of 60 




On increasing the reaction time, the solubility of the reactant was enhanced and showed 
undoubtedly the probable formation of soluble lithium formate. The solubility problem 
of FOR1 precludes the study of lithium insertion process by chemical methods. At the 
same time, the chemical conversion of lithium formate to FOR1 and FOR3 has been 
confirmed by adding 1 mmol of lithium formate to 1.5 mmol of M(NO3)2.6 H2O (M = 
Zn, Co) in 5 mL of CH3OH at room temperature. The results of PXRD pattern, elemental 
analysis and ICP experiments strongly supports the 100 % formation of diamondoid 
FOR1 and FOR3 which in turn supports the Gibb‟s free energy calculation[17] (Table 1). 
The transformation or chemical lithiation of FOR3 to lithium formate and vice versa 
clearly attributes the proposed reaction mechanism as given in eqns. 1 and 3.  
In order to study the effect of beneficial matrix on the diamondoid formate 
frameworks, Zn1.5Co1.5(HCO2)6 - FOR4 (Fig. 6.15) has been isolated and investigated for 




 site is to gear up the storage 
cyclic stability, achieve higher capacity, and to reduce the amount of expensive and toxic 
Co
2+
 in the anode material. As can be seen from Fig. 6.15b, FOR4 exhibits stable cycling 
and high capacity of 510 mAh/g under similar conditions upto 60 cycles and exhibits 
better performance than the diamondoid FOR3. Cycling stability of FOR4 could be well 
observed from the reversible capacity vs cycle number plots (Fig. 6.15c). This occurs 
through both conversion and alloy/dealloy reactions as well as their ability to act as 








Figure 6.15 Galvanostatic discharge/charge cycling curves for FOR4 
(Zn1.5Co1.5(HCOO)6) (a) 1
st
 cycle (b) Selected cycles and (c) Capacity vs. cycle number 






In summary, simple formate bridged MOFs have been proved to be a viable 
new class of anode materials for LIBs. The electrochemical performances suggest that 
metal formate frameworks react reversibly with Li through conversion reaction. The 
matrix involved during the cycling was lithium formate rather than the typical Li2O and 
this is well supported by the ex-situ FT-IR results. The HRTEM and SAED patterns of 
diamondoid Zn based formates unequivocally support the regeneration of metal formates 
during cycling. Although the alloying/dealloying process enhances the storage 
performance of these materials, the reversible formation or regeneration of ZnFOR MOF 
plays a crucial role in achieving the superior Li storage performance of this material 
unlike Zn-ZnO/ZnLi systems. The electrochemical studies of hydrated FOR2 
demonstrate that upon charging only the anhydrous diamondoid FOR1 was formed 
instead of the starting material. The results of chemical lithiation and formation of metal 
formate from lithium formate strongly supports the proposed mechanism. Finally, the 
observation of better storage performance and good cycling stability of CoFOR (FOR3) 
and Zn0.5Co0.5FOR (FOR4) also highlights that this work can be extended to other 
transition metal formates. These results also support that the destruction of MOFs on 
discharge to their respective oxides as observed in the earlier studies can easily be 
circumvented if a judicious choice of ligand (for example, formic acid) is utilized in the 
generation of MOF, which in turn can withstand the transformation during conversion 
reaction. Though these results are not of commercial significance, the ability to 
transform from metal formate diamondoid frameworks reversibly to lithium formate 
during discharge and vice versa during charge process demonstrates this to be a bench 
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Chapter 7. Conclusions and suggestions for 
future work 
The current research work deals with the systematic investigations on the Li-
storage and cyclability of olivine based metal phosphate (LiMPO4 M = Fe, Mn and 
Fe0.5Mn0.5) as a cathode material for lithium ion battery application. On the anode side 
investigations on mesoporous TiO2 and novel formate based metal organic framework 
(MOF) M3(HCOO)6 (M = Zn, Co and Zn0.5Co0.5) with diamondoid structure for the Li 
storage at low potential (anode) was carried out. The underlying reaction mechanisms are 
insertion/deinsertion in case of olivine phosphates and TiO2. „Conversion‟ (redox) and 
alloying-de-alloying reaction mechanism was observed for the formate MOF. The main 
factors that control the Li-cyclability are as follows: size and shape (morphology), 
crystallinity and operating voltage range of cycling.  
The following conclusions can be drawn from the present study: 
1) LFP nanoplates with the slim thickness along the b-axis was found to offer a shorter 
diffusion length for Li
+
 ions and coupled with this the exterior conductive carbon 
decoration provides connectivity for facile electron diffusion, resulting in excellent high 
rate performances.  
2) LMP nanoplates exhibit poor electrochemical properties because of its poor electronic 
and inherent features. Unfortunately, attempts made to improve the electronic 
conductivity were unsuccessful. However solid solutions LiFe1-xMnxPO4 nanoplates were 
found to be electrochemically active.  
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3) Simple soft template approach offers high tap density and good quality mesoporous 
anatase TiO2. This meso-TiO2 demonstrates excellent rate capability in addition to the 
outstanding cycleability when compared with the commercial nano-TiO2. Surface area 
analysis clearly shows the importance of surfactant chain length on the pore size and the 
specific surface area of meso-TiO2.  
4) For the first time we have shown the feasibility of using MOF for the anode 
application in LIB. The reversible formation or regeneration of MOF structure plays a 
crucial role in achieving the superior Li storage performance of this material. The 
formate ion (HCO2
-
) acts as good as the oxide, nitride or fluoride ion in facilitating the 
reversible „conversion‟ and „alloying-de-alloying‟ reactions in various transition metal 
ions.  
Based on the conclusions drawn from the current work, the following implications 
are made for further studies 
1) Even though LMP and LCP exhibit higher energy density compared to LFP their 
electrochemical performance was found to be poor due to the sluggish electrical and 
ionic conductivity. An effective way to improve the electrochemical activity of LMP and 
LCP is making the solid solutions of the various metals. Furthermore thin plates of these 
multi component olivines with appropriate surface conductive coating will offer good 
rate capability. 
2) Nanopores in the mesoporous material favour the complete wetting of the electrode 
material by the liquid electrolyte so that rapid Li
+
 insertion/extraction can be achieved. 
Therefore one can expect the superior Li storage behaviour of olivine phosphates if it is 
synthesised in mesoporous form.  
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3) Formate based mixed-metal MOFs, including investigated in chapter 6, can be 
synthesised in nano-size either by ambient or hydrothermal conditions and these nano-
MOFs may offer better Li-storage and cyclability compared to the micron sized MOFs 
presented in chapter 6.  
4) Irreversible capacity loss (ICL), in the first cycle is a big hurdle to use the currently 
studied formate based MOFs for anode application in LIB. Efforts should be made in this 
direction to reduce the ICL.  
5) Average discharge and charge potentials for the presently studied formate based 
MOFs are higher which hamper their use in the LIBs where 4 V cathodes are employed. 
Thus, lowering the average charge/discharge potentials is highly attractive. In this 
regard, conductive surface coating is highly impressive. This can be done in future.  
 
 
 241 
 
 
 
 
 242 
 
 
 
 
